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Abstract
Nitrogen in only small quantities is detrimental to the quality of steel products,
particularly with regards to the surface quality and formability of steel strip.
Traditionally, the blast furnace (BF)/basic oxygen steelmaking (BOS) route has been
favored over the electric arc furnace steelmaking (EAF) route for the production of low
carbon strip steels, partially because of the lower nitrogen level steels produced from a
BOS furnace (10-40 ppm) compared to what is attainable in an EAF (70-120 ppm).

Among the methods for removing dissolved nitrogen from EAF molten steel, the
most effective ways are carbon oxidation, and the replacement of scrap with low
nitrogen iron bearing materials such as DRI, HBI, iron ore, pig iron and iron carbide.
Iron carbide has the significant advantage over other commercially available iron-carbon
sources of being easily transportable, as a fine granular material. Injection trials in a
number of electric furnaces achieved significant removal of nitrogen. However, there is
currently no independent verification of these results nor has any fundamental study of
the process been reported in the literature.

In order to gain a better understanding of the fundamentals of using iron carbide as
an alternative iron source associated with nitrogen control in the steelmaking processes,
firstly, a characterization of iron carbide powders produced from Nucor and Wundowie
was carried using optical microscopy, SEM, XRD and size analysis. The observations
have shown great variations in size, morphology, density and components, which is due
to the variations in different qualities of raw materials, ore concentrates and natural gas,
and conditions employed in the fluidized-bed reactor used for producing iron carbide. A

large portion of particles from the Nucor iron carbide have a topochemical profile with
an inside magnetite core surrounded by an iron/iron carbide layer. The Wundowie iron
carbide, besides some fully converted iron carbide particles, contains highly porous
particles with large voids.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) under
both isothermal and non-isothermal conditions were employed to investigate the local
reactions within iron carbide particles which are considered to be the main reason for
nitrogen removal practice during the steelmaking process.

Non-isothermal experiments using a fine Nucor sample showed that local reactions
occurred at the temperature range of 767 K and 1147K, and gained the fastest rate at
943 K. A two stage mixed control reaction mechanism is proposed, the first stage up to
943 K being controlled by chemical rate of the direct reduction reaction of magnetite,
and the second stage, thereafter, involving reduction of magnetite by CO which is
thought to be controlled by heat and mass transfer.

Isothermal experiments carried out on the Nucor fine sample at various temperatures
revealed that the rate of reaction increased with increasing temperature. An activation
energy of 45.77±6.38 kJ mol"1 was obtained for the constant rate region of the curve
using an Arrhenius plot.

The actual percentage of partially reduced particles in the iron carbide powder will
decide the extent of the overall reduction reaction. Therefore, to get the advantageous
effect of CO generation from the local reactions within the iron carbide particles in

removing nitrogen when introducing iron carbide to a hot melt, a partial reduction
regime of producing iron carbide in the fluidized bed reactor is recommended.

The reduction reaction proceeds to its half extent in a very short period of time at
higher temperatures, e.g., it needs 86 seconds to get a highest reaction rate with 4%
weight loss at 1173 K. This suggests introducing iron carbide powder into the molten
bath at the relatively later stage of the melting period to achieve the desired nitrogen
content.
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1 Introduction
Nitrogen has two contradictory aspects of effects on the properties of steels. First, its
presence can be beneficial by improving the strength and creep and corrosion properties
of steels, especially for stainless steels. On the other hand, it is detrimental, even at very
low concentrations, for many steels. It can cause age-hardening and flaws in pressings,
and affect the deep drawability in low carbon steels and also is one of the causes of
porosity because of gas evolution during solidification.

Research indicates that EAF produced steel contain higher nitrogen concentrations
than steel normally produced in oxygen steelmaking (OSM).1 Typical nitrogen contents
in EAF steels range between 70 to 100 ppm, whereas in OSM steels it ranges between
20 to 60 ppm. The main sources of dissolved nitrogen into molten steel in the EAF
steelmaking are the higher level of nitrogen content in the charging materials and
accelerated nitrogen pickup from air with the aid of electric arc.

With the increasing industry drive to produce quality steels via EAFs because of the
lower operation costs associated with the technology and increases productivity
associated with the modern electric furnaces, improving steel quality via the electric
steelmaking route becomes a major challenge facing the steel industry. The replacement
of scrap with low nitrogen iron bearing materials such as DRI, HBI, iron carbide, iron
ore or pig iron can be an effective way of reducing the nitrogen.

1

Iron carbide is a new alternative iron source currently being produced by Nucor via
reaction of fine ore with CH4/H2 gas in a fluidized bed reactor.2 It has the significant
advantage over other commercially available iron-carbon sources of being easily
transportable, as a fine granular material. Fine granular sources of carbon injected into a
steel bath should provide excellent removal of nitrogen because of the large surface area
available for CO bubble formation, the CO bubbles actually as an absorbent for dissolved
nitrogen in the steel. Trials by Nucor in a number of electric arc furnaces have reported
significant removal of nitrogen, from 80 ppm to 30 ppm, without adversely affecting
metal quality and with reduced overall energy usage.2,3 However, there is currently no
independent verification of these results nor has any fundamental study of the process
been reported in the literature.

A comprehensive literature survey was carried out on the nitrogen in steel, kinetics
of nitrogen transfer, mechanism of nitrogen removal and the determination of nitrogen in
steel to summarize the knowledge on nitrogen in steelmaking and address the problems
in nitrogen control practice.

In order to gain a better understanding of the basic mechanisms associated with the
removal of nitrogen from liquid steel through addition of iron carbide into the melt bath,
the commercial iron carbide powders were characterized using optical microscopy, SEM,
XRD and particle size analysis.

In addition, thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) methods were employed to investigate the local reactions occurring within the

2

iron carbide particles that are considered to be responsible for the nitrogen removal
during the steelmaking process.

3

2 Nitrogen in Steel
2.1 Effect of Nitrogen in Steel
Nitrogen occurs universally in all steels, and although its solubility under normal
manufacturing conditions is small it can exert remarkable influences on various qualities
of steels. On the one hand, it has certain beneficial effects, apart from being abundant and
cheap, which in recent years has led to the development of many different steels
containing enhanced nitrogen. In many cases the beneficial effects of nitrogen are the
interaction with alloying elements present. Such interactions can take the form of
precipitation reactions involving alloy nitrides, many of which are to a large extent
isomorphous with the alloy carbides and can form nitride-carbide solid solutions, or the
formation of zones, clusters or complexes between the nitrogen and the alloying
elements, which can occur either in the ferrite or the austenite phases. These interaction
effects influence many phenomena such as solid solution hardening, precipitation
hardening, grain growth, hardenability, work hardening, static and dynamic strain aging,
creep resistance, corrosion properties, etc..4

On the other hand, nitrogen is undesirable even at very low concentrations for many
steels. For example, it is closely associated with the phenomenon of strain aging in steel.
Nitrogen in solution in steel can also directly affect formability in an adverse manner,
which is particularly important in the case of continuously annealed sheet steel. It also
affects the magnetic, electrical and weldment properties of sheet steel. In combination
with aluminum as aluminum nitride, it can be the direct cause of intergranular fracture of

4

cast steel. Nitrogen may also be one of the causes of porosity because of gas evolution
during solidification.

The results of Tschishewski5 on the effect of nitrogen in decreasing the elongation of
wire (0.63 mm diameter) were shown in Fig. 2-1. Nitrogen produces a marked
embrittling effect which is accompanied by an increase in strength. The pronounced
effect of nitrogen on brittleness, particularly work-brittleness (brittleness after cold
work), was shown in Fig. 2-2, taken from Work and Enzian.6

Fig. 2-1

Effect of nitrogen content on elongation of iron wire in tension5

5

0

2

4

6

8

10

Percent cold work
Fig. 2-2

Effect of nitrogen content on brittleness of rimmed steels6

Nitrogen in solid solution is detrimental to the cold formability of low carbon strip,
resulting in low Lankford r values, the mean plastic strain ratio which indicates its
resistance to thinning during forming.7 Work by British Steel8 had shown that the highest
r values in annealed strip were obtained with about 0.03% soluble aluminum and

Soluble Aluminium Content, %

Fig. 2-3

Effect of nitrogen and aluminum on r values in
cold rolled strip steels8

6

0.008% N. This is illustrated in Fig. 2-3, which indicates that the r peak is much broader
at high nitrogen contents than at low nitrogen contents. Thus, with nitrogen levels
around 0.008%, consistently high r values are obtained with aluminum levels in the
range of 0.02-0.08%.

2.2 Source of Nitrogen in Steel
The major sources of nitrogen in a steelmaking operation are outlined in the following
sections.

•

Charge m aterials (Scrap, hot metal, ferroalloys etc.)

One area that tends to be overlooked is the importance of scrap in determining the
final nitrogen. Nitrogen content in scrap varies greatly depending on its quality, and can
range between 40 to 220 ppm.14 It is a major nitrogen input from scrap charging in BOF
steelmaking that the greater the amount of scrap, the higher the steel nitrogen level at
turndown.9 However, nitrogen control in arc melting must be accomplished through
process control, and this requires control of all operating elements.

The amount of nitrogen from scrap absorbed by the liquid steel depends on the rate
of scrap melting. For example, if scrap melts late during the steelmaking process,
nitrogen from scrap will remain in the liquid steel because small amounts of CO are
generated at this stage of the blow to flush the nitrogen out of the bath. Studies on the
kinetics of scrap dissolution indicates that heavy scrap, about 14 cm thick, melts at the
end of the oxygen blow during steelmaking.10 Therefore, it could be expected that
nitrogen content in steel increases if heavy scrap in used in the process.

7

Hot metal charged into a BOF generally contains 70 to 80 ppm of nitrogen.11 During
carbon oxidation the nitrogen in the hot metal is removed from the melt, consequently
the final nitrogen content of steel will not significantly be affected by the nitrogen present
in the hot metal. According to the research in Belgium,12 an increase of 10 ppm in the hot
metal nitrogen leads to an increase of 1 ppm in the steel nitrogen level in OSM.

Ferroalloys, particularly ferromanganese, ferrochrome and ferronvanadium are major
sources of nitrogen that must be considered in any nitrogen control program. In the
melting of low- and medium-carbon steels, these ferroalloys are added in the ladle and
directly increase the nitrogen content of the steel. This pickup can be in the range of 10
20 ppm N 2 , depending on the type and amount of ferroalloy added.14 Typical nitrogen
analysis for ferroalloys, by manufacturing process, are shown in Table 2-1. The incoming

Table 2-1

Nitrogen Content of Various Ferroalloys (Process)14,13

Various Ferroalloys( Process)

N, ppm

Various Ferroalloys (Process)

N, ppm

Manganese (Electrolytic)

30-100

75 percent FeSi

70

Nickel (Electrolytic)

30

80 percent FeV (Aluminothermie)

200 max.

Cr (Electrolytic)

200-500

55 percent FeV (Silicothermic)

60 max.

Charge Cr

300-400

Ferromanganese (Blast Furnace)

200-500

Low C- FeCr (Silicothermic)

1 000

Ferromanganese (Silicothermic)

300-500

Raw aluminum

30

Ferromanganese (Aluminothermie) 600-800

95 percent recycled aluminum

5

FeMo

110

SiCa

310

FeTi

220

MnSi

190

FeW
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nitrogen levels vary substantially by method of manufacture, as can be seen in Table 2-1.
The use of ferromanganese can mean as much as a 0.001 percent reduction in the final
nitrogen content of the steel. If you approach nitrogen control from a process control
standpoint, it is critical to implement controls that reduce nitrogen even a quarter point at

one stage of the operation. Thus, if low-nitrogen heats are required, ferroalloy nitrogen
content must be controlled through vendor quality checks. In high-alloy and specialty
steel melting, further nitrogen reduction is possible by furnace charging the ferroalloys
and reducing the slag. Desuliurizers can be both a major source of nitrogen and
hydrogen. Desuliurizers using aluminum dross as a raw material can be extremely rich in
nitrogen.14

Other carbonaceous materials such as coal and coke used for fuel during
steelmaking contain high nitrogen contents are also a source of nitrogen into the metal.

In the steelmaking processes, especially in OSM, nitrogen present as an impurity in
the oxygen used for decarburization, can cause higher final nitrogen contents in the
steel.15 An increase of 100 ppm in nitrogen content in the oxygen results in an increase of
1.5 ppm of the steel nitrogen level.12

The nitrogen in the oxygen increases the partial pressure of nitrogen in the gas of the
emulsion, reducing the driving force for nitrogen removal, and hence, the rate of nitrogen
removal.

•

Air inflow

In steelmaking practices the pickup of nitrogen from air can be substantial. For older
electric arc furnaces, the door area can be a source of major air flow. In the newer
furnaces it is possible to run at a slightly positive furnace pressure and generate a
reducing atmosphere. Therefore a common process control will be including the
operation at a slightly positive pressure with CO evolution from foamed slags.14

9

In EAF steelmaking, the nitrogen pickup from air can be accelerated with the aid of
electric arc by ionizing nitrogen which can enter molten steel more rapidly than
molecular nitrogen. The higher temperatures of the ionized atmosphere surrounding the
arcs help the dissociation of the nitrogen molecules in the air into atoms or ions.26, 16
Since the chemical rate of reaction of molecular nitrogen on liquid iron is controlled by
the dissociation of the nitrogen molecule,17 it is obvious that nitrogen atoms are absorbed
faster than nitrogen molecules into the melt. Therefore, the rate of nitrogen absorption
into liquid steel is enhanced by the presence of the arc.

•

Furnace tapping and teeming

A number of authors18,19 have shown that the nitrogen pickup from furnace tapping
alone can approach 20 ppm on killed steel. Process control at this stage is critical in the
production of low-nitrogen steel. A number of options are available. They range from
simple tap hole maintenance that assures stream integrity, to key shrouding system.

2.3 Requirements for Nitrogen in Steel
In industrial practice, there are three major categories of steels, as classified in Table 2
2,

according to utilization characteristics.

This very broad classification amalgamates together in the first two categories the
mild and very low carbon steels containing carbon and manganese and, containing, no
substantial quantities of other alloying elements. For these steels the target nitrogen
contents are generally low or less than 150-180 ppm.

10

Table 2-2 Typical chemical compositions of primary grades of steel classified by areas
20
of application
N

C, %

Si, %

Mn, %

Or, %

V,%

Deep drawing steels

50 ppm

0.03

-

0.3

-

-

Steels with enhanced properties

150-180 ppm

0.12

-

0.7

-

-

High strength steels

120-150 ppm

0.10

0.3

1.3

-

0.08

Free-machining steels

70-160 ppm

0.10

-

1

-

-

High-strength steels

120-150 ppm

0.10

0.3

1.3

-

0.08

Austenitic stainless

0.1-0.2 %

0.04

0.5

1.8

18

-

Cryogenic

0.3%

0.1

0.5

9

20

-

Amagnetic steels

0.5-0.6%

0.01

0.5

18

18

-

Tool steels

0.1-0.15%

0.6

0.5

0.5-1

4

2-5

Grades of Steel
Flat products

Long products

Special-purpose products

As the increasing demand for low-nitrogen-content (e.g., 30 ppm) and controllednitrogen-content (e.g., 90-140 ppm) products places stringent requirements on the
amount of dissolved nitrogen in steel, numerous refining processes which have focused
on the free surface have been developed. These include the injection of oxygen for
decarburization,21 the injection of inert gasses for good mixing and surface renewal,22
vacuum degassing operations for reducing the partial pressure of CO,23 the introduction
of new fluxes for decarburization,24 and the application of electromagnetic forces to
enhance stirring and surface renewal.

Despite these latest refining technologies,

relatively lengthy treatment time is still necessary to attain the required nitrogen levels.
This results in low productivity and high production costs.

Vacuum degassing process is not very effective in removing nitrogen. Unlike other
impurities such as oxygen and hydrogen, it is difficult to achieve the desired level of
nitrogen concentration. In a typical vacuum degassing treatment (VD, RH), up to 90%
of hydrogen and carbon, but only up to 10% of nitrogen,25 can be removed via the gas
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phase. Under the best conditions, very low sulfur contents (<0.003%) and low vacuum,
approximately 30 to 50 percent of the nitrogen present can be removed. In fact, during
most ladle treatments there is significant nitrogen pick-up from the atmosphere. Thus, it
will be wise to control the content of nitrogen in steelmaking process in order to lessen
the loads of subsequent refining treatments.

However, it is still not common practice to control nitrogen during the production of
carbon and alloy steels in electric furnaces, although this is changing as demand for
nitrogen controlled products continues to increase. A comparison of the 70 to 120 ppm
nitrogen content of EAF steel with the 20 to 60 ppm nitrogen content of BOF steel
illustrates why electric furnace steelmaking has not been strongly applied to the
production of low-carbon, aluminum-killed (LCAK) steel.26 EAF steels with a high
nitrogen content are detrimental to the surface quality of cold rolled and annealed LCAK
flat products for deep-drawing applications. With the expansion of electric furnace itself
and the grades it produces, EAF nitrogen control would become the limitative factor for
further development of electric furnace steelmaking.

2.4 Determination of Nitrogen in Steel
Nitrogen exists partly in the form of nitride or cyanide with alloying elements, partly
solid soluted in steel in form of atom, or mingles with bubbles and adsorbs on the surface
of steel in form of molecule. The beneficial and detrimental effects of nitrogen on the
properties of steel mentioned before make it even important to analyze nitrogen in steel
in melting and processing control.
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There are mainly two categories of methods available for the determination of
nitrogen in steels according to the nature of the method, namely, chemical method and
physical method.

•

Chemical method

The chemical method of nitrogen determination in steel is based on that developed
by Kjeldahl for nitrogen in organic compounds, and known as Kjeldahl method. It
involves, first, the decomposition of the sample in an acid solution, the nitrogen being
converted to ammonia and retained completely in the iron solution as an ammonium salt.
Secondly, excess alkali is added to the solution and the nitrogen percentage obtained by
distilling the solution and determining the ammonia in the distillate volumetrically or
colorimetrically. Alternatively, the distillation procedure may be omitted and, after
precipitation of the iron group under special conditions, the ammonia may be determined
directly by a colorimetric method (direct Nesslerization).27

The most critical step in the procedure is the solution of the sample, and that, once
the sample has been completely decomposed without loss of ammonia, a considerable
choice of methods for the subsequent determination of ammonia is permissible.
Dissolution of the sample is usually carried out in dilute sulfuric or hydrochloric acid,
though special solvents have been recommended for certain metals.

•

Physical method

The second category, physical method, is represented by the vacuum-fusion method,
in which the metal is melted in a high vacuum in the presence of carbon, and the
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extracted gas, which contains the nitrogen in an uncombined form, is collected and
analyzed.28 The vacuum-fusion method for the determination of oxygen in metals is well
known, and usually a nitrogen value can be obtained at the same time.

The use of gas chromatography to analyze the gases collected and radio-frequency
induction furnaces have been suggested. However the carbon resistance furnace with a
simple oxidation-fractionation train for gas analysis is by far the cheapest form of
vacuum-fusion apparatus and is capable of producing reasonably accurate and very
useful results on plain and low-alloy steels and cast iron. The carrier-gas fusion method is
a variant of vacuum-fusion but is of more merit than the latter one.

Alternative physical methods, such as spectrography, mass spectrometry, and gas
chromatography, are already being used but on a limited scale because they require
expensive and specialized instrumentation.29 Optical Emission Spectroscopy (OES) is a
popular method mostly used in current steelplant for a quick analysis of a series of
elements. Newly developed ion-chromatography in laboratory experiment is suitable for
the determination of ultra low content of nitrogen in metal and slag, in which a sample
solution is carried into an ion-exchange column by an eluent which is an electrolyte, then
some ions can be separated from each other and the amount of each ion can be measured
as the ability of a solution to conduct electricity by a conductometric detector.30

A new analysis technique for nitrogen in liquid steel, the Nitris system, has been
developed by Heraeus Electro-Nite.31 The principle of Nitris is that a carrier gas (helium)
exposed to the liquid steel will absorb some of its nitrogen in a drive towards equilibrium
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between the steel and the gas. Analysis of the gas mixture in comparison with the pure
carrier gas then provides an approximate estimation of the nitrogen content of the steel
The system has four components, a disposable immersion sensor, an immersion lance and
flexible gas cable, pneumatic pumping and analysis station and processor unit for system
control, nitrogen calculation and display. The Nitris system has been successfully
demonstrated in various steelplant applications, including ladle, degasser, and tundish
offering enhanced speed and accuracy.

A comparison among the current nitrogen determination methods described above is
summarized in Table 2-3 in terms of accuracy and speed, between which compromises
must be made under different circumstances.

2.5 Thermodynamics of Nitrogen Dissolution
At ordinary temperatures molecular nitrogen does not form compounds with metals and
metalloids. It only dissolves in metal in the form of atomic nitrogen, which is shown by
the proportionality of solubility, within certain temperature limits, and the concentration
to the square root of the pressure. We may say that when nitrogen is dissolved in a melt,
Table 2-3

Com parison of Methods for Nitrogen Analysis

Methods

Error limits (N level)

Speed

Chemical (Kjeidahl)

±5ppm (<0.02%), ±2.5% (>0.02%)

0.5h (2-3 h if acid resistant)

Vacuum-fusion

±10ppm (<0.02%), ±5% (>0.02%)

20-40 min.

OES

3 ppm (20), 8 ppm (200), 13 ppm (>200)

1-5 min.

Ion-chromatography

6-250 ppm (0.8-1.1%), 1 ppm (3.5%)

-

Nitris direct measurement

20-200 ppm (<4 ppm)

<60 s
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it is no longer a gas. The solution of, e.g., nitrogen in liquid iron, may be expressed the
following overall equation:

N 21 (gas)>=>2N
—

( 2- 1)

In the diluted range, i.e., for fN = 1, the equilibrium constant is then equal to:

K = [%N]2 / P N; or [%N] =

( 2- 2)

where K is the equilibrium constant of reaction 2-1 and PN is the partial pressure of
nitrogen.

This relation is known as Square Root Law, and also called Sieverts ’ law as the first
investigations of basic importance on the solubility of nitrogen in iron and steel were
published by Sieverts.32 The relation is illustrated in Fig. 2-4. At a nitrogen pressure of 1
atm liquid iron dissolves about 0.04% nitrogen, and it is noted that to increase the
content of nitrogen in solution by 2, it is necessary to increase its partial pressure by 4.

Assuming the existence of equal external conditions, for instance, time of contact,
contact area, and diameter of bubbles, the rate of nitrogen absorption at a given
temperature will be the difference between the nitrogen content present and the
saturation content.

Nitrogen solubility is different in various lattice structures of solid iron (a, y, 8) and
liquid iron.

16

Fig. 2-4

Pressure of nitrogen in the iron-nitrogen system plotted according
to Sieverts’ law

■^N 2(sas, = M L

(2-3)

There are following expressions for relevant equilibrium constant of Eq. 2-3:33

N
1520
IgK^ - - T -1.04, a - F e

(2-4)

450
T -1.995, y - F e

(2-5)

n

lgK? -

1520
0
T -1.04, 8 - F e

(2-6)

N
1520
l g Kr - - T -1.04, 1-Fe

(2-7)

n

lg K 5N - -
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The relationship between nitrogen solubility and temperature at 1 atm was shown in
Fig. 2-5.34 In a-Fe, the value of K increases with the increase of temperature, so does the
nitrogen solubility. At 910°C, a steep increase of nitrogen solubility occurs due to the
gap increase from bcc structure of a-Fe to fee of y-Fe. In y-Fe the nitrogen solubility
decreases as the K value decreases with increasing temperature. When temperature goes
up to 1390°C, there is a sharp decrease on nitrogen solubility which then increases with
temperature and goes up steeply until the melting point.

Considering the effect of alloying elements the equilibrium constant for reaction 2-3
can be written as:

Fig. 2-5

Solubility of nitrogen at 1 atm in pure iron34
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KN=

aN

fN[%N]

yjP n2

yj Pn,

( 2- 8)

the activity coefficient may be calculated by the relation developed by Wagner35 and
Chipman36, which is as follows:

l gf N =e ^[ %N] + e 1N[%i] + e JN[%j] +

(2-9)

The factor KN here corresponds to the nitrogen content in pure iron at 1 bar nitrogen.

The effect of alloying element in iron melt on nitrogen solubility is shown in Fig. 2
37 38

6. ’

•

Generally these alloying elements can be classified into three groups: those can

Alloying Element, %

Fig. 2-6

Effect of alloying elements on the solubility
of nitrogen in iron at 1600°C37,38
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form nitrides which increase the solubility of nitrogen in melt, such as V, Nb, Cr, Ta, Mn,
Mo etc.; those which is similar to iron has little influence on solubility; and those has
stronger infinity with iron than iron with gas atom which decreases the nitrogen
solubility, such as Si and C.

A number of papers have been published in which thermodynamic data were used to
predict nitrogen solubility limits in relatively complex iron-base alloys. Table 2-4
compares 11 equations for the temperature dependence of nitrogen solubility, taken from
the literature.39'48 Langenberg’s method49 was restricted to 1600°C, the temperature at
which the thermodynamic data were determined. Nelson50 derived a relation for

Table 2-4

Nitrogen solubility in pure iron melts at 1600°C, 1 bar N2
P ressure,

T em peratu re,

[N]

In v es tig a tio n

Tech n iq u e

bar

°C

log K

%

Parlee and kashyap Ja

Sieverts

0.06-1.00

1600-1800

-665/T-1.00

0.0441

Schenck et al. 40

Sampling

0.13-1.00

1550-1700

-767/T-0.95

0.0437

Elliott and Humbert 41

Sieverts

0.25-1.10

1540-1700

-225/T-1.218

0.0438

Turnock and Pehlke 42

Sieverts

0.40-1.00

1600-1800

-276/T-1.20

0.0448

Gomersall et al. 43

Levitation

1.00

1540-1780

-285/T-1.21

0.0436

Morita and Kunisada 44

Sampling

1.00

1600-1700

-941/T-0.841

0.0450

Wada and Pehlke 45

Sieverts

1.00

1550-1800

-226/T-1.216

0.0458

Schürmann and Kättlitz 46

Sieverts

1.01

1550-1700

-297/T-1.198

0.0439

Ishii et al. 47

Sieverts

1.00

1610-1730

-400/T-1.126

0.0455

Sampling

0.05-1.01

1580-1730

-518/T-1.063

0.0455

Levitation

1.00

1540-2000

-430/T-1.125

0.0460

Wada et al. 48

predicting nitrogen content as a function of temperature. Chipman and Corrigan51
developed an equation for calculating the nitrogen solubility in molten steel as a function
of temperature.

20

Their derivation is based on the linear relation observed to exist between the
interaction coefficient determined for a number of Fe-N-j ternary alloys and the excess
heat of solution of nitrogen, i.e., the difference between the heat of solution of nitrogen
in iron and in the Fe-j alloy. The equation derived by them is as follows:

l og[%i V] = —

where

%N
T

J
j

188

- 1.25 -

3280

T

-0 .7 5

le « ,« ,

(2-io)

j

solubility of nitrogen expressed in weight-percent
temperature of the steel bath in degrees Kelvin

r% 7i sum of the products of the interaction coefficient at 1873K and the

CV1873L

J1

weight percent of each element in the alloy

This equation is applicable at a pressure of one atmosphere and to alloys whose
individual alloying elements lie within the compositional limits for which the respective
interaction coefficients are valid. The sign of the last term in Eq. 2-10 depends on the
elements dissolved in the steel bath. If a positive sign exits, then a positive temperature
coefficient results. Similarly, a negative sign results in a negative temperature coefficient,
i.e., nitrogen solubility will decrease as the bath temperature is increased. The greater the
magnitude of the last term, either in a positive or negative sense, the more pronounced is
the effect of temperature change on nitrogen solubility. The graphical summary of Eq. 2
10 shown in Fig. 2-7 clearly depicts the preceding remarks.48
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Temperature, °C

Fig. 2-7

Relation between nitrogen solubility, temperature,
and the interaction coefficient as derived by Chipman
and Corrigan51

2.6 Mechanism of Nitrogen Transfer
The process of gas absorption in metal is heterogeneous in nature and supposedly
consists of following elementary steps given by Lee and Rao (as shown in Fig. 2-8).52

•

Transfer of nitrogen molecules from the bulk gas to gas/metal interface (gas-phase
transport)

•

Adsorption of nitrogen molecules on the surface (adsorption)

•

Dissociation of adsorbed molecules into atoms (dissolution). The dissolution may
take place by single-site of the dual-site mechanism or by both mechanism operating
in parallel.
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Dissolution of adsorbed nitrogen atoms in the liquid phase (dissolution)
Transfer if nitrogen atoms from the interface region to the bulk liquid phase (liquid
phase transport)

Bulk gas phase
Gaseous boundary
layer phase

,

f

Interface

1

Metal boundary
layer
Bulk metal phase

Fig. 2-8

Mechanism of gas dissolution in melt52

A knowledge of the rate laws and rate constants for these steps is necessary for the
full description of the overall rate of reactions involving two or more phases. The need
for this knowledge has been reflected in a growing number of investigations with respect
to the kinetics of nitrogen reactions with iron and steel.

2.6.1 Experimental Techniques
Deviating results may be accounted for by the different experimental techniques adopted.
The determination of the change of nitrogen content with time has a great effect on the
reliability of the results. The method of stirring of the melt (by induction or by gas
bubbling) and the geometry of the crucible and sample determine the reaction rate.
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Therefore, to compare the results of various authors and translate them into practical
operation,itisfirstnecessarytodescribethetechniquesnormallyapplied.

According to Lange and Schenck,53 the methods and techniques employed can be
classified into two groups:

•

direct techniques such as the sampling method and levitation technique

•

indirect techniques such as the Sieverts technique and isotope exchange

technique.

Some of the essential techniques will be dealt with in the following:34

The sampling method is one of the oldest and most straightforward techniques for
studying kinetics and is still the most commonly used today. The principle of this method
is to quench partial samples at different times during nitrogen transfer. Uniform tubes
consisting of quartz glass are mostly used. During the treatment they are immersed into
the melt to be investigated. After withdrawing, the filled tubes are quenched. The
samples are then chemically analyzed for nitrogen.

The small technical expenditure required is considered the main benefit of this
method. A slight change of the nitrogen content during freezing of the sample, however,
cannot be avoided. Another decisive factor for the accuracy of this method is chemical
analysis, with the lower limit being 3 ppm at a fluctuation of 1 ppm. In the laboratory
tests, the volume of the melt is decreasing as sampling is continued. This results in
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additional errors in the evaluation of rate constants, which depend on the volume. Taking
a series of samples thus requires a minimum melt mass. The location at which the sample
is taken can have a great effect when composition is inhomogeneous. The gas
atmosphere is continuously disturbed during sampling. Another potential problem is that
the sampler cannot be filled correctly under vacuum because of low pressure.

The levitation technique is appropriate for investigating, metal-gas reactions. This
includes the reactions of nitrogen transfer.52 After connecting the high frequency
generator, a small piece of metal (approximate 1 g) is levitated in the centre of a working
coil which is located in a cross-shaped glass tube flushed by reaction gas. The sample is
melted down while the temperature is kept constant. Oxygen is subsequently removed
through a stream of Ar-H2 gas, followed by hydrogen removal through Ar-He gas. The
sample is then exposed to gas mixtures of N2-Ar at various nitrogen partial pressures and
is saturated. Quenching is achieved by disconnecting the coil current and dropping the
sample into a copper mould. Finally, the nitrogen content is chemically analysed. Using
this technique, interaction with the crucible wall is not a concern. The reaction surface is
large and nitrogen loss in the sample during rapid cooling is small. The technique is
expensive, particularly if emphasis is laid on precise temperature control.

The isotope exchange technique for determination of the chemical reaction at the
interface is based on observations of the exchange reaction between gas isotopes at the
interface and the condensed phase. Byrne and Belton66 developed a technique for
studying the chemical reaction of nitrogen transfer at the melt-gas interface by 15N-I4N
isotope exchange. The isotopes were analysed using a mass spectrometer. With this
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method the rate of the interfacial reaction can be determined without the disturbing
influence of mass transfer. Glaws and Fruehan55 have developed a test apparatus which
allows tests to be performed in the same reaction space, according to the principles of
the Sieverts technique and the isotope exchange technique. Thus, the rate of absorption
and the rate of dissociation can be determined on the same sample.

The Sieverts technique, involves a metal sample being melted down by induction
inside a gas tight cell. The change of content of the melt is determined via the change of
mass in the gas phase. The temperature, which is usually measured using a pyrometer,
should be kept as constant as possible.

One version of the Sieverts technique involves a cell with constant pressure and
appreciable continuous volume changes as a measure of the change of nitrogen content
in the melt. Pehlke and Elliott56 used a gas burette fitted with a mercury reservoir. At one
end, this burette has contact with the open atmosphere, while the other end is connected
to the reaction cell. The change of nitrogen content with time is proportional to the gas
volume change, which can be read from the mercury column in the gas burette. This
technique is a means of performing kinetic examinations continuously without the need
of sampling. Keeping the pressure constant by manual adjustment of the mercury column
in the gas burette is the main problem.

Another technique makes use of the Sieverts cell with constant volume and variable
pressure as a measure of reaction between gas phase and melt, with the pressure change
taking place inside the gaslight cell and being measured after the disturbance of
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equilibrium until a new equilibrium is attained.59 The pressure transducer is a convenient
means of monitoring the change of nitrogen content with time. Without taking any
special measures, this technique is confined to measuring the initial rate, because the
effect of the rereaction due to pressure change becomes noticeable in the course of
reaction. Comparison of the kinetic data and their translation into practical operation is
not readily possible, since in the latter case the kinetic data is determined under constant
pressure.

2.6.2 Experimental Studies
Since the 1960’s the reactions of gas absorption by and gas desorption from liquid metals
has attracted more attention. Among them, the kinetics studies of nitrogen absorption
and desorption in iron and iron alloys by many investigators played an important role and
laid a foundation for current nitrogen-relating research. Even though, there are
disagreements in their quantitative values of the rate, the order of their reaction and their
conclusions.

Pehlke and Elliot56 measured the rate of the reaction of nitrogen with liquid iron by
using a modified Sieverts apparatus. In this study, the rates of absorption and desorption
were found to be equal and first order with respect to nitrogen content in the metal.
Furthermore, it was shown that the rates were greatly influenced by inductive stirring in
the metal phase. From these, it was concluded that both the rates of absorption and
desorption were controlled by mass transfer in the melt. They also found the rate to be
strongly retarded by the presence of surface active elements like oxygen and sulfur.
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In later work, Inouye and Choh,57 using a sampling technique, found the kinetics of
nitrogen absorption to be first order with respect to nitrogen content at low sulfur and
oxygen concentrations. Their results are in agreement with Pehlke and Elliott's work and
consistent with liquid phase mass transfer controlling the rate. However, at high sulfur
and oxygen concentrations, they found the rate to be second order with respect to
nitrogen content in the metal.

Fruehan and Martonik58 measured the rate of the nitrogen reaction in liquid iron
alloys. They used a constant volume Sieverts apparatus with induction heating and a
highly sensitive pressure transducer. Their results conclusively demonstrated that the rate
of nitrogen absorption at high concentrations of surface active elements was second
order with respect to nitrogen content in the metal. Under these conditions the rate was
probably controlled by dissociation of the nitrogen molecule at the gas-metal interface.

Later, Fruehan and Martonik59 used the same technique to measure the chemical rate
constants of nitrogen absorption into liquid iron-chromium alloys. Since the rate
measured experimentally was affected by both the chemical reaction and the mass
transfer limitations, the chemical rate constant was obtained by correcting the measured
rate for mass transfer effects. Their findings indicated that at high sulfur levels the
correction for mass transfer was negligible. However, at low sulfur concentrations the
measured rate was about one half of the corrected one. Therefore, the method employed
by Fruehan et al. to calculate the chemical rate constant was not accurate at low sulfur
and oxygen contents, where mass transfer becomes important.
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Also Rao and Lee

52

have reported that the rate of nitrogen absorption was first

order at low oxygen and sulfur contents, but was second order at higher oxygen and
sulfur contents in the metal.

It was first shown by Fuwa, Ban-ya, and Shinohara60,61 that the rate of nitrogen
desorption from liquid iron can be expressed using a second order rate equation with
respect to nitrogen content in the metal, and this statement has since been confirmed by
several other groups of investigators.62,63,64,65

In recent years, investigators have used more accurate techniques to determine the
chemical rate constant of nitrogen absorption into pure liquid iron and liquid iron alloys
with low concentrations of surface active elements. Byrne and Belton66 made use of the
isotope exchange technique in their study of interfacial kinetics of nitrogen in liquid iron
alloys. This technique monitors the loss of the 30N2 isotope in the gas phase with a mass
spectrometer. The mechanism includes the dissociation of 30N2 into two 15N atoms that
will eventually combine with a regular 14N atom to form a 29N2 isotope. The overall
exchange reaction is expressed as:

30N 2 + 28 N 2 = 2 -29 N 2

(2-11)

This determines the rate of dissociation of nitrogen on liquid iron. With this
technique it is possible to overcome liquid phase mass transfer effects because the
experiments are conducted at equilibrium between the gas and liquid phases. Their
results indicate that the chemical rate is first order with respect to nitrogen pressure and
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that the dissociation of the nitrogen molecule on the iron surface is the rate limiting step
in the reaction mechanism.

Glaws and Fruehan55 combined two experimental techniques in a single apparatus.
The modified Sieverts technique measures the overall rate of nitrogen absorption into
liquid iron alloys, whereas the isotope exchange technique measures the chemical rate of
nitrogen dissociation at the surface of the metal. Both techniques were used for similar
alloys, and the results, shown in Fig. 2-9, indicate that at high sulfur concentrations the
modified Sieverts experiments agree with those obtained from the isotope exchange
technique. This demonstrates that the dissociation of the nitrogen molecule, measured
with isotope exchange technique, is the rate limiting step in the chemical reaction
mechanism of nitrogen absorption. Their results also indicate that the rate of nitrogen
absorption levels off at sulfur concentrations greater than 0.2% as shown in Fig. 2-10.
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Comparison of Sieverts and Isotope exchange techniques to measure
the rate of nitrogen absorption in Fe-S alloys at 1600°C
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Fig. 2-10 Residual rate in iron-high sulfur alloys at 1600°C

This indicates that at high sulfur levels, where complete surface coverage is approached,
a residual rate of nitrogen absorption occurs.

In summary, most of the studies on the kinetics of nitrogen absorption and
desorption in liquid iron alloys agreed on the following facts, that were also represented
schematically in Fig. 2-11.

•

The rate of nitrogen absorption at low sulfur or oxygen contents in the metal is

primarily controlled liquid phase mass transfer, and the rate is first order with respect to
nitrogen content in the melt.

•

The rate of nitrogen absorption at high sulfur or oxygen contents in the metal is

primarily controlled by chemical kinetics and the rate is second order with respect to
nitrogen content in the melt.
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•

The chemical rate of nitrogen absorption was found to be controlled by the

dissociation of the nitrogen molecule at the gas-metal interface.

•

The presence of a residual rate of nitrogen absorption was observed at high

sulfur contents (>0.2%S).

Fig. 2-11

Schematic of the relation between the rate of nitrogen
absorption and sulfur content in the metal55

2.6.3 Kinetic Equations for Nitrogen Absorption
2,6.3A

G as P h ase M ass Transfer C ontrol (G PM T)

When gas phase mass transfer of nitrogen is controlling the overall rate of nitrogen
absorption into liquid iron, a concentration difference across the gas boundary layer
occurs as shown schematically in Fig. 2-12. This result in a flux of nitrogen from the bulk
of the gas phase to the gas-metal interface.
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Fig. 2-12 Gas phase mass transfer control

If the partial pressure of nitrogen in the bulk and surface, P ^ lk and P ^rf, are much
smaller than the total pressure in the gas, bulk diffusion is neglected, and the flux of
nitrogen in the gas is expressed in the terms of J° PMT (mol cm'2 s'1) as follows:67
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where m g is the mass transfer coefficient of nitrogen in the gas phase in cm s'1.

2.6 .3.2 L iq u id P h ase M ass T ransfer C ontrol (LPM T)

When liquid phase mass transfer of nitrogen is controlling the overall rate of nitrogen
absorption into liquid iron, a concentration difference across the liquid boundary layer
will occur as shown schematically in Fig. 2-13. This result in a flux of nitrogen from the
surface to the bulk of the liquid. The flux can be expressed in terms of J ¡fMT (mol cm'2 s'
l) as follows:67
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Liquid metal

Fig. 2-13 Liquid phase mass transfer control

J n™T = m L-(Csorf - C blllk)

(2-13)

where m L is the mass transfer coefficient of nitrogen in the liquid metal in e ra s'1.

2.6.3.3 C h em ical R ate C ontrol (CR)

At high concentration of surface active elements in the metal, like sulfur and oxygen, the
rate of nitrogen absorption into liquid iron alloys is controlled by the slow chemical
reaction at the interface as shown in Fig. 2-14.

Fig. 2-14 Chemical reaction control
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As discussedpreviously, the chemical rate issecond order with respect to nitrogen
content, and is controlled by the dissociation of the nitrogen molecule at the iron surface
site. The reaction mechanism can be expressed as:68

^ 2(gas)

^ 2(ads)

N 2(ads) = N ; (ads) ~ ^ 2 N

where reaction 2-14 represents the absorption of molecular nitrogen

(2-14)

(2-15)

N 2(aas) onto the iron

surface to form an absorbed nitrogen molecule N 2(ads), and reaction 2-15 represents the
dissociation of the absorbed molecule. Reaction 2-15 includes the activated complex
N 2(ads}» and is believed to be the rate controlling step. The flux of nitrogen can then be
expressed in terms of mol cm'2s'1as:

I CR
N

Ka -(PN

( 2- 16)

where K a is the chemical rate constant given in cm'2 s'1 atm'1.

As indicated previously the strong influence of surface active elements in
suppressing nitrogen pickup rates in liquid iron and steel has been well established for
many years'69, 70, 71. Group VIB elements such as O, S, Te and Se are known to be
strongly surface active.72 Of these elements, oxygen and sulfur are commonly present in
pyrometallurgical refining processes. With these elements occupying surface sites, the
fraction of sites available for the nitrogen reaction decreases and the apparent chemical
rate constant is given by:73
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k a = k b -(l-G, )

(2-17)

where ( 1 - 0 , ) is the fraction of sites available for the nitrogen reaction, and k b is the
rate constant for nitrogen in the bare iron surface. Several investigations have studied the
dependence of ( 1 - 0 , ) on the presence of strongly absorbed species at the interface.

Darken and Turkdogan74 studied the limiting case at high concentrations of surface
active elements, and found that the chemical rate of gaseous reactants, such as nitrogen,
on a metal surface was proportional to the reciprocal of the activity of surface active
solutes. Later Belton75 examined a number of adsorption isotherms, with available data
of surface tension affected by the presence of solutes like oxygen and sulfur. This study
indicates that a Langmuir adsorption isotherm describes the behavior of the highly
surface active solutes in the liquid metal reasonably well. Based on this ideal adsorption
behavior the fraction of the iron surface covered by surface active solutes can be
expressed as a function of their concentrations by:73

K ;a ; =

1-6;

(

2- 18)

where a.l is the activity of the adsorbed solute, 0, is the fraction of sites occupied by the
single absorbed solute i, and

is the adsorption coefficient that is a function of

temperature only.

Therefore the dependence of the rate constant on highly adsorbate species is given
from the combination of equation 2-17 and 2-18 as:
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k =

(2-19)

l+

X

K ja j

Then the apparent chemical rate constant k a is obtained from the rate constant for
the nitrogen reaction on the bare iron surface k b and the activities at the surface of the
absorbed solutes i. In the limiting case, as predicted by Darken and Turkdogan, at high
concentrations of a given solute i where K-}a- » 1, equation 2-19 reduces to:

k =

( 2- 20)

Kiai
In metallurgical processes oxygen and sulfur are commonly present in the metal,
then the rate constant is given by:

k =

k,
( l + K oa 0 + K sa s)

( 2 - 21 )

where K 0 and K s are the adsorption coefficients for oxygen and sulfur respectively.

37

3 Mechanisms for Nitrogen Removal
In order to produce a high-quality steel, considerable effort has been given to removing
various elements from liquid iron. As a result, it is now possible to reduce the
concentration of many of the impurities, such as carbon, sulfur, phosphorus, oxygen, and
hydrogen in steel below the desired level. However, other than limited denitrogenization
during vacuum degassing, no process exists for removing nitrogen from steel, and
nitrogen picked up from the air during steelmaking processes aggravates this problem.76

Difficulties in achieving low nitrogen contents arise from the fact that the diffusion
coefficient of nitrogen is 10 times less than that of hydrogen. Furthermore, there is no
vital degassing reaction with oxygen, as is the case in decarburization by the formation of
CO. In a typical vacuum degassing treatment (VD, RH), up to 90% of hydrogen and
carbon, but only up to 10% of nitrogen,

can be removed via the gas phase. Further

denitrogenization is achieved in practice by long vacuum treatment with argon stirring or
by addition of expensive alloying elements such as titanium, vanadium, niobium, or
aluminum, resulting in nitride or carbonitride formation.

3.1 Pressure Consideration
The Sieverts’ law which presents the relationship between the partial pressure and the
solubility of nitrogen in melts enable it to be applied in metallurgical vacuum treatment,
primarily in the VD, VAD, VOD, VOD-C, and RH and RH-OB processes. Fig. 3-1
shows the thermodynamic equilibra of denitrogenation down to 1 ppm under industrial
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vacuum.

76

•

Direct removal of oxygen by degassing, however, is not possible in the

indicated reduced pressure range. As the broken line shows, denitrogenation and
deoxidization are inhibited in the presence of chromium, whereas the removal of
hydrogen remains practically unaffected. Considering the kinetic conditions in practical
operation, residual contents of 30 ppm [N] and 2 ppm [H] for carbon steel grades and
60-200 ppm [N] and 5 ppm [H] for high alloyed stainless steel grades can be expected.

Fig. 3-1

Partial pressures and contents of dissolved gases76
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3.2 Nitride Forming Consideration
The interactions between nitrogen and various alloying elements, especially transition
metals, in liquid iron are important for the practice of controlling nitrogen to desirable
level in steelmaking processes. In order to make clear the interactions among these
elements in liquid iron, accurate thermodynamic data is required. From this standpoint,
several studies have focused on the research of the solubility of nitrogen and the
equilibrium of nitride forming reactions in liquid Fe-Me alloys, such as Fe-Nb77, Fe-Ta78,
and Fe-Ti.79

Among them, titanium has gained much attention, as it has been employed as an
alloying element for the purpose of improving various mechanical properties of steel by
its deoxidizing and denitrifying effects. That titanium tends to reduce the total nitrogen
content of steel as well as to stabilize it in an insoluble form, as shown by nitrogen
determinations made on a few high-nitrogen induction furnace heats both before and
after the addition of titanium. The data presented in Table 3-1 indicates that, when
titanium is added in amounts of more than about twice the carbon, the nitrogen is largely
stabilized in an insoluble form, and there is additionally an appreciable removal of
nitrogen form the steel. This is probably accounted for by the crystallization of titanium
nitride, or carbonitride, from the melt and its floating out into the slag, since the specific
gravity of nitride is much lower than that of steel.80

40

Table 3-1 Effect of various amounts of titanium on the nitrogen in killed low-carbon
steel
Melt

80

Nitrogen before

Titanium, %

Ti/C ratio

Final nitrogen, %

titanium addition, %
Soluble

Total

Added

Residual

1

0.0168

0.0179

0.10

0.05

2

0.0147

0.0147

0.14

3

0.0250

0.0267

4

0.0103

0.0103

Soluble

Total

0.9

0.0090

0.0196

0.10

1.7

0.0008

0.0141

0.31

0.20

3.3

0.0021

0.0176

0.45

0.33

6.6

0.0009

0.0060

The lowering of undesirably high nitrogen contents in low-alloy steels can be
attained by means of comparatively small titanium additions. For instance, rail steel
treated with 5.5-6 kg of high carbon ferrotitanium per ton has been found to have an
average total nitrogen content of 0.0036% as compared with 0.0015% in untreated rails;
and in several heats of arc-furnace-melted chromium-vanadium tool steel, treatment with
3.2 kg of high carbon ferrotitanium per ton reduced the average soluble nitrogen content
from 0.0137 to 0.0067%.81

In VAD treatment, the final gas content depends also on factors other than pressure,
i.e. nitrogen-retaining alloys such as ferrochromium are high nitrogen ‘carriers’. Fig. 3-2
showed the final nitrogen content as a function of the steel chromium content. In steels
with 1.4-1.9% Cr the nitrogen retention was 58-85 ppm, and for 5.3-5.4% Cr the figure
was 126-180 ppm .82
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400

Fig. 3-2

Final nitrogen content as a function of the steel chromium content
in VAD treatment at Baildon Steelworks

82

3.3 Synthetic Slag Treatment
Several researchers have explored the possibility of denitrogenization of steel by using
slag-metal reactions such as in desulfurization. For this purpose, studies have focused on
the thermodynamics and kinetics of nitrogen dissolution in different slag systems.
However, no commercial practice using a flux or slag from steel in the ladle exists.

It was in the 70’s that people began the research of solubility of nitrogen in molten
slags, and it went popular in the middle of 80’s. By analogy with the concept of sulfide
capacity introduced by Fincham and Richardson83 for the sulfur transfer between the gas
and slag phase, Martinez and Sano84 defined the nitride and cyanide capacity for slag.
The reaction of nitrogen dissolved into slag can be written as:
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-

1
3 ?
, 3
- N 2 + - ( 0 2-) = ( N 3-) + - 0 2

(3-1)

^ N 2 + ^ ( 0 2-) + C = (CN-) + ^ 0 2

(3-2)

where the parentheses indicate species dissolved in the slag. The equilibrium constants
for above two equations are given as:

f Ni_ (pctN)P072
N?

K CN'

p'A A
FN2a 0-~
fCN- (pCtN)Pp2

(3-3)

(3-4)

aC*N, a o2"
where K represents the equilibrium constant, a is the activity, f is the activity coefficient
and P is the partial pressure for the relevant ions and gases. So the nitride and cyanide
capacity were defined as follows:

p /4
&/2
=(pctN3- ) - ^ r = K n3_ 7 ^
P/z
r
N,

(3-5)

a 02
; ~arC
O,
CCN- = ( Pc t C N - ) - ^ = KCN_
PN
/2
W

(3-6)

For the reaction of nitrogen dissolution, the equilibrium constant can be expressed as :

[N]f,
K N = D1/2

(3-7)

r N,

comparing Eq. 3-7 and 3-5, nitrogen distribution ratio, LN , between slag and metal can
be written as:
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(pctN3-)
[pctN]

fN
N"

(3-8)

k np 3/;

while oxygen partial pressure is related to the oxygen content in the melt:

f o 2 =[0]

(3-9)

O = pl/2
r o,

(3-10)

combine Eq. 3-8 and 3-10, we obtain the nitrogen distribution ratio:

L

N

= c

K 3/2f

(3-11)

K“N ^O 2

since Kn and Ko are the function of temperature, we can calculate nitrogen

d istrib u tio n

ratio under slag-metal equilibrium. A high value is desired for nitrogen removal.

F ro m

Eq. 3-11 it is clear that in order to obtain a high value of the nitrogen distribution ratio, it
is desired that the slag has a high nitride capacity and the metal a low oxygen activity.

Factors Affecting Nitride Capacity
•

Temperature dependency

Studies on different slag systems show that with increasing of temperature, the ability oi
nitrogen dissolution in slag increases, and the nitride capacity increases. A linear
relationship was observed between the logarithm of nitride capacity and the reciprocal
temperature in different slag systems, as shown in Fig. 3-3.95
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Fig. 3-3

Temperature dependence of nitrogen capacity in different slag
systems95

•

Dependence of slag composition

The key issue of investigating the relationship between nitride capacity and slag
components relies on how to choose appropriate parameters representing slags. By using
the mole fraction of basic oxide (such as
Fig.

3 -4 ,

X Cao

or

X Bao)

as a basic parameter, as shown in

it can be discovered that:85,86 Nitride capacity increases with increasing

CaO-CaF2 and Ca0-Al20 3-Si02 systems and decreases with increasing

X Cao

or

X Cao

in

X Bao

in

Ca0-Al20 3, CaO-MgO-Si02, BaO-MgO-Si02, Ca0-Mg0-Al20 3-Si02 and CaO-CaF2S i02 systems, but after mole fraction of basic oxide attaining a certain value, the nitride
capacity continues increasing.

45

-11
Martinez and Sano

O
O)
o

-15
Q00

Q10

Q2D

Q30

Q40

Q50

Q60

Q7D

Q80

Q90

^CcD *BaO
Fig. 3-4

Nitride capacities of a variety of siag systems as a function of CaO or BaO
mole fraction85,86

Things are little complicated in Ca0-Si02 system in which the nitride capacity
increases with increasing of

X Cao

when

X Cao

value is below

0 .5

and after that it

decreases. It is obvious that apart from Ca0-Si02 binary system we can divide the slag
system as two using

X Cao

or

X Bao

as component parameter. This can be explained using

the concepts from Ito and Fruehan87 and Martinez and Sano.86

Suito et a l ss used a combination of mole fractions of several nitride forming
components such as TiOx, A120 3 and Si02 as the parameter and found that nitride
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capacity increases with the increase of XsiO2+XTiox+0.5XAi2O3 inCa0-Al203,CaO-Si02,
Ca0-Al203-Si02, CaO-TiOx, Ca0-Al203-CaF2, Ca0-Al20 3-Ti0x, Ba0-Al203, BaOAl20 3-Si02 and BaO-TiOx. Hence, it is reasonable to establish relationship between
nitride capacity and mole fractions of nitride forming components, that is slag systems
with high nitrogen removal ability should contain certain amount of nitride forming
components.

Recently, the concept of optical basicity was used as a measure of slag basicities.
Min and Fruehan

and Xu et al.

investigated the relationship between optical basicity

and nitride capacity in some slag systems. For Ca0-B20 3 and Ba0-B20 3 binary system,
when optical basicity is in the range of 0.66-0.80, nitride capacity decreases with
increasing optical basicity; when optical basicity is in the range of 0.80-0.95, nitride
capacity increases with increasing optical basicity. As to

Ca0-Si02-Al203ternary system,

within the range of 0.63-0.83, nitride capacity decreases with the increase of optical
basicity.

3.3.2 Slags for Nitrogen Removal
Comparing to the following slag systems, Ca0-Al20 3, 90, 91 Ca0-Al20 3-Si02, 92 CaOSi02,92 CaO-CaF,,87 C a0-Si02-CaF2, 93 Na20 -S i0 2,94 Ca0-B20 3,85 Ba0-Al20 3,95 BaOS i02-Al20 385 and B a0-T i02,96 the BaO-TiOx-A120 397, 85 system has higher value of
nitride capacity and is one of the most promising fluxes for denitrogenization, because it
contains highly basic oxide BaO and easily nitride forming components TiOx and

A1203.

Due to the higher cost of the BaO in the slag, some researchers suggested using limebased slags for nitrogen removal. For example, using
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20 kg per ton of a 40CaO-40Al2O3-

20TiO2 or 35CaO-10BaO-45Al2O3-10TiO2 slag can reduce the nitrogen content of a
steel containing 0.05 pet A1 from 100 to 33 ppm.98

3.4 Model Development for Nitrogen Control
The nitrogen absorption and desorption reactions in liquid iron and iron alloys are very
important in many steelmaking processes. In these systems intermediate levels of surface
active elements are frequently present. Therefore, according to Chapter 2.6.3, the overall
rate can be controlled by mass transfer in the gas and liquid phases, and by chemical
kinetics in series, namely, mixed control as shown schematically in Fig. 3-5.

The importance of controlling nitrogen content in metallurgical processes has
encouraged several investigators to develop sequential mixed controlled models for
nitrogen reaction in liquid iron melts. In the mid-seventies, Fruehan" developed a mixed
control model that predicts nitrogen absorption in 18-8 stainless steels at intermediate
oxygen contents in the metal ranging from 50 to 400 ppm. The model assumed that the
overall rate was controlled by liquid phase mass transfer and chemical kinetics in series.

Liquid metal

Gas phase

jbulk

Driving force
GPMT

V,

Driving force
chemical kinetics
Driving force
LPMT

%
'bulk

Interface

Fig. 3-5

Mixed control

His resulting rate expression for mixed control was derived by combining the integrated
form of the first order chemical reaction rate equation and the first order mass transfer
rate equation. His experimental result were in reasonably good agreement with the
calculated rate in spite of the fact that at the same time it was still believed that the rate
of the interfacial reaction of nitrogen in liquid iron was first order with respect to
nitrogen content in the metal.

Other quantitative mixed control models have been developed based on the
assumptions that the overall rate of nitrogen reaction in iron melts is controlled by a
sequence of elementary steps in series and that the reaction is at steady state. Choh et
a l im developed two different mixed control models in order to predict their nitrogen
desorption results. The first combined gas phase mass transport with chemical kinetics in
series. This attempt was considered inappropriate when they noticed that the resistance
of mass transfer of nitrogen in the liquid iron increased with decreasing the concentration
of dissolved oxygen. Then they developed a less restrictive sequential model that
included mass transport limitations in the gas and liquid phase with chemical kinetics.

Fruehan and Martonik59 measured the rate of nitrogen absorption into Fe-Cr melts.
Kinetic expressions were developed to calculate a corrected chemical rate constant from
the measured data. The calculated chemical rate was obtained from the measured overall
rate by introducing a correction for mass transfer. Their results indicate that at high
sulfur contents the calculated rate was close to the measured one. therefore, the rate was
controlled primarily by the interfacial chemical reaction. However, as the sulfur content
in the metal decreases there is a deviation between the calculated rate and the overall
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values indicating that liquid phase mass transfer is affecting the overall rate of reaction.
And for melts containing very low amounts of sulfur the overall rate was primarily
controlled by mass transfer of nitrogen in the liquid.

Mori et al.101 developed another mixed control model based on the assumption that
both the chemical reaction at the surface and liquid phase mass transfer contribute to the
overall reaction rate. They solved the first order equation corresponding to mass transfer
control with the second order rate equation for chemical control at steady state. An
integrated rate expression was obtained and plotted versus time, and a chemical rate
constant was obtained from the slopes of the plotted lines. Their model was shown to be
quite promising and was tested with experimental data on absorption and desorption of
oxygen in liquid silver and nitrogen in liquid iron. Furthermore Battle and

Pehlke102

successfully tested Mori’s model by analyzing published experimental data of nitrogen
absorption and desorption in molten iron and iron alloys.

Fruehan et al.103 developed a mixed controlled model for nitrogen absorption and
desorption in liquid iron alloys. The model’s predictions were tested against experimental
data showing good agreement. Similar to Mori’s, the model combined liquid phase mass
transfer of nitrogen through the surface boundary layer in series with the chemical
reaction occurring at the interface. They solved the rate equations numerically at steady
state. The following expression was obtained to solve for the surface nitrogen
concentration:

m,
+■
r
f
%
N
s»rfl
K
100

[%N surf
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Laboratory experimental results of nitrogen absorption into an Fe-9%Cr alloy
containing 0.28% sulfur showed good agreement with the model developed. It also
showed evidence that the rate for this case was controlled by both mass transfer in the
liquid and chemical kinetics.

Takahashi, Sano and Mori104,105 measured nitrogen desorption from molten Fe-O-S
alloys by argon. In their laboratory experiments, argon was injected into the melt, and
was also blown over the free surface of the metal. Their results where compared to
model calculations based on mixed control. Three resistances were considered in the
model, namely, the mass transfer in both liquid and gas phase, and the chemical reaction
at the gas-metal interface. The overall rate equation of nitrogen desorption from the
metal developed by the authors was expressed by the following equation:

dv ,
,
.
Pl
------ = k -A ---------------- ([%n ] dt
ov
100-MWNi

k

-^7)

(3-13)

where the overall reaction rate constant ( k ov) in cm s'1, was expressed by the sum of the
three resistances in series as:

1

1

1

pL

R-T-K2

-----_ ----- + ---- ----------------------- - + ----- ILL------.------------------------------ - (3_14)
k ov mL k c( [ % N , ] + K - ^ 7 ) 100-MWN; mg j[%N]i + K - ^ 7 )

where mL, and m g are the mass transfer coefficients in the liquid and gas phase
respectively, and K c is the chemical rate constant for the nitrogen reaction.
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Their first investigation104 dealt with nitrogen removal from the metal by the argon
injected into the bath. The experiments were carried out on 400g molten iron samples
containing between 0.004% to 0.066% oxygen. Nitrogen removal at the free surface was
neglected by covering the melt with a magnesia ring that decreased the exposed surface
area, and by blowing an Ar/N2 gas mixture over the melt to maintain equilibrium of
nitrogen between the gas and the metal. The model predictions where fitted to the
experimental results to determine the chemical rate constant. The chemical rate constants
obtained by these investigators agreed with those obtained from previous studies on
nitrogen absorption, indicating that in their experiments nitrogen desorption was well
explained by the mixed control model developed. In the second investigation105 nitrogen
was removed from the metal by the argon injected through the melt, and by the argon
blown onto the free surface of the metal. The observed rates where compared to the
calculated ones based on the mixed control model described previously. They showed
that the rate of nitrogen desorption from molten iron by argon injection together with
argon blowing is very high compared with the rate by injection only, because of the
important role of free surface on the nitrogen removal.

For the prediction of nitrogen control in the real steelmaking processes, little
quantitative information is available, in most cases, only qualitative and semi-empirical
data were presented. There was an attempt by Kempken and Pluschkell106 to develop a
simulation model to describe the change in nitrogen content of steel in the basic oxygen
furnace (BOF) process. They predicted the nitrogen content during the blow by using a
thermodynamic model. An efficiency parameter of
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0.25 was

arbitrarily introduced to

balance the deviation of nitrogen content from equilibrium condition due to the kinetic
limitations.

More recently, Goldstein107 developed a mixed control based kinetic model, which
was further applied to OSM and EAF steelmaking, to provide a quantitative
understanding of how different operational parameters affect the final nitrogen content of
steel during the processes. The model included three resistances in series affecting the
nitrogen reaction, namely, gas phase mass transfer and liquid phase mass transfer of
nitrogen through the gas-liquid metal interface, and the chemical kinetics of the nitrogen
reaction.

The model applied to the OSM considered the following factors such as melt
temperature, chemistry, nitrogen in raw materials and combined gas blowing. The model
predictions were in excellent agreement with plant trials. However, the model predictions
only provided the minimum final nitrogen contents of steel that can be produced, since
operational factors such as reblows, waiting periods and tapping increases the final
nitrogen content of steel etc. were not included in this model.

The model for EAF steelmaking indicated that high meltdown carbon levels were
needed to achieve the low nitrogen content of steel and high levels of nitrogen impurity
in the oxygen flow, typically found in EAF steelmaking (2-5%), would result in high final
nitrogen contents of steel.
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3.5 Nitrogen Control Practices in Steelmaking
Control of nitrogen level in steel has been an important target for the steelmakers for
a long time. It has been reinforced recently by the more stringent requirements for new
types of products with low nitrogen specifications. The fact that EAF produced steels
contain higher nitrogen concentrations ranging between 70 to 100 ppm, compared with
20 to 60 ppm in oxygen steelmaking (OSM),1 makes the nitrogen control practice more
popular in the EAF steelmaking and many efforts have been made in finding out the
optimized parameters in the steelmaking processes leading to the production of steels
with a controlled nitrogen content.

According to the sources of nitrogen in steelmaking processes outlined before in
Chapter 2.2, special attention is given to evaluate possible methods for controlling
nitrogen content in steels. Apart from the practice of limiting the nitrogen content
originated from the charge materials, the following operations are believed to be effective
in controlling the nitrogen content of the final products:

• Carbon oxidation
During steelmaking, carbon in the metal is oxidized by the oxygen injected into the
furnace to produce carbon monoxide gas. Carbon oxidation is one of the most effective
ways of reducing nitrogen in steel since the CO gas flushes nitrogen from the metal, and
also creates a protective atmosphere over the bath that reduces nitrogen pickup from the
air. This is the reason for the inherently low nitrogen levels in BOF steel.108
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In EAF steelmaking, the oxygen injection into the molten steel to remove carbon is
begun at meltdown and this injection continued until just prior to tapping. Fig. 3-6 shows
the effects of carbon and silicon contents on the nitrogen contents of the bath in one heat
carried out by North Star Steel26 that nitrogen removal is usually minimal, or even
stopped, if silicon is present at meltdown in amounts greater than 0.01 percent, after the
silicon content is reduced to 0.01 percent or lower, nitrogen removal occurs at a
consistent rate until a carbon content of approximately 0.2 percent is attained. At this
point, nitrogen removal becomes increasingly more difficult as the carbon content is
further reduced, which is due to the mass transport of carbon in the bath becomes the
controlling factor with respect to further evolution if carbon monoxide gas. This implied
that a higher melt-in carbon content is required to achieve a higher nitrogen removal rate.

Fig. 3-6

Effects of the carbon and silicon contents on the nitrogen content of
the bath26
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Ore has also been suggested as a substitute for oxygen injection. Nitrogen can be
removed by creating a boil with ore pellets. However its lower oxygen efficiency in
removing carbon, when compared with injected oxygen, reduces the nitrogen removal.14

• Foamy slag practice
During the electric steelmaking a foamy slag practice has been shown to reduce
nitrogen pickup in the steel.14,16 Foamy slags have a physical aspect and a chemical role
as well, in nitrogen control. It is clearly claimed that the foamy slag formed by CO gas
physically covers the arcs, and prevents direct contact between the arcs, the metal, and
the nitrogen in the air. Though the actual mechanism of the chemical role of foamy slags
is less clear in the steelmaking furnaces, the following conditions can still be proposed to
favor nitrogen removal: high reducing conditions; carbon additions to the slag; increased
CO gas generation in the slag; and increased basicity ratio. Also, based on laboratory
observations, a double slag practice with highly reducing finishing slag would be the
optimum for nitrogen removal.14

• The use of DRI and iron carbide
The use of DRI for attaining low residual contents, as well as low nitrogen
contents,109 has been an acceptable method for some steelmakers. When DRI is charged
into a BOF, very low nitrogen contents, e.g., 30 ppm, can be achieved. DRI and Hot
Briquetted Iron (HBI) reduces nitrogen contents in steel in three ways.1, 16 Firstly, by
diluting the nitrogen in scrap since DRI has lower nitrogen contents. Secondly, by
providing an additional amount of slag, from the gangue material in the DRI, which
prevents nitrogen pickup from the air. And thirdly, by producing CO from the reduction
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reactionoccurring inthepellet,which may possiblyremove nitrogen from the steeland
protect the steel from the atmosphere.

Most recently,thework done by Goldsteinand Fraehan110 presented some evidence
on the behavior of DRI in the molten bath by X-ray fluoroscopy and constant volume
pressure increase (CVPI) techniques. A 49CaO-41Si02- 10A120 3 slag was held in a
alumina crucible, and kept at 1500°C in a sealed mullite reaction tube with an attached
pressure transducer at the top. When an uniform DRI pellet of 8 mm in diameter was
dropped to the slag, the behavior of the pellet was monitored by the X-ray unit and the
change in pressure was recorded by a data acquisition system.

The X-ray fluoroscopy indicated that all of the CO from DRI is evolved in the slag
phase. After the pellet entered the slag-metal system there was a short incubation period
of 2 to 4 seconds, followed by a period of rapid gas evolution from the pellet that lasted
15 to 20 seconds. During that time, the pellet remained buoyant in the slag and did not
sink into the melt, despite the fact that its density is greater than the slag. A gas halo was
observed to form around the pellet. This observation was consistent with their results
from nitrogen removal experiments that found that the effect of DRI only followed the
relation of dilution, as shown in Fig. 3-7, indicating that DRI pellets dropped over slagmetal system evolved its CO rapidly in the slag phase and the CO couldn’t reach the
liquid metal to remove nitrogen from steel. Hence, it was concluded that the addition of
DRI reduced nitrogen content of steel mainly by dilution of the nitrogen in the metal.

57

140
130

E
CL

120

c
&

8

110

O

100

C
CD
D)

90

80

10

30

40

50

Time, min

Fig. 3-7

Rate of nitrogen removal by DRI additions to an Fe-0.004%S melt107

The meltdown nitrogen contents for the North Star Steel DRI test heats are
presented in Table 3-2. The DRI results suggest that a further increase in the DRI charge
will result in even lower meltdown nitrogen contents.

Table 3-2

Average meltdown N content for various amounts of DRI in the charge26
P ercen t DRI in charg e

M eltd o w n N, ppm

0

95

5

84

10

69

Heats using iron carbide injection were also carried in the North Star Steel.26 The
results of nitrogen removal by injecting iron carbide into the bath compared with high-
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Table 3-3

Nitrogen removal by injecting iron carbide into the bath26
M eltd o w n N co n ten t, ppm

tap N co n ten t, ppm

N rem o ved , ppm

H igh-C blow dow n

89

59

30

M edium C std. P ractice

87

65

22

Fe3C injection

82

34

48

carbon blowdown and the medium carbon melting practice were shown in Table 3-3. The
iron carbide injected heats achieved even greater nitrogen reductions and lower tap
nitrogen contents.

The use of DRI and iron carbide could become a supplement to the carbon
blowdown practice used to effectively reduce the nitrogen from the liquid steel to avoid a
possible decrease in productivity due to required longer tap-to-tap times.

• Combined gas blowing
The use of bottom gas stirring during steelmaking provides better slag-metal mixing
than conventional steelmaking processes without bottom gas injection.111 This mixing
improves refining reactions such as sulfur and phosphorus removal,

and also improves

heat transfer for scrap melting.113 The gases used for bottom stirring include N2., Ar,
C 0 2, O2 , and CO.114 Nitrogen is used as a stirring gas, since it is less expensive than
argon, however it produces a significant increase of nitrogen in the steel. For example,
Fruehan112 predicted the final nitrogen content in steel to be over 150 ppm, for a
hypothetical 100 tonne EAF furnace with excessive bottom stirring when nitrogen was
used as a stirring gas. When nitrogen is used for bottom stirring it is absorbed directly
into the melt, and also it increases the partial pressure of nitrogen in the gas phase of the
emulsion, retarding the rate of nitrogen removal as described previously. If ultra low
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carbon steels are produced itisnecessary to switch from nitrogen to argon inorder to
avoid excessive nitrogen pickup into the metal.115,116

Inconclusion, no method by itselfwas found tobe effectiveincontrolling nitrogen
levels. Rather, a comprehensive program, beginning with the scrap charged, controlling
melting and refining practices and limiting the nitrogen level on ladles additions, is
necessary to reduce nitrogen content to the lowest levels.
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4 Iron Carbide in Steelmaking
4.1 Iron carbide and its production
Iron carbide (Fe3C), also known as cementite, exists broadly in iron-bearing alloys. The
Fe-C binary phase diagram as shown in Fig. 7-2 describes the existing form of carbon in
Fe-C alloy. The carbon dissolved in iron will separate out in form of graphite and
cementite when cooling down. Even though the cementite would dissociate as it is
metastable thermodynamically, the relatively slow rate of dissociation allow to exist in a
practical Fe-C system.133 The broken lines in Fig. 7-2 show the equilibrium between the
iron and carbon in cementite. At 1147°C, there is a eutectic transformation which
produces austenite and cementite with the carbon content of 4.3%, and at 727°C, the
eutectoid transformation results in ferrite and cementite with the carbon content of
0.76%. Some physical constant of iron carbide are listed in Table 4-1.

Table 4-1
N am e

Iron carbide

Physical constant of iron carbide117
F o rm u la

Fe3C

F o rm u la w e ig h t

179.55

C olor, c rystalline fo rm

Gray, cub

D en sity

M eltin g po in t

g

°C

c m '1

7.694

1227

Iron carbide has been used as a low temperature synthetic catalyst and as a catalyst
in heterogeneous reactions such as the Fischer-Tropsch reaction. The preparation of pure
iron carbide has attracted many investigators and been accomplished by a variety of
processes.
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The US patent 2535042 disclosed a multistep preparation of iron carbide which
includes the reduction of a fused mass of iron oxide in a stream of hydrogen at 450°C for
about 82 hours to reduce substantially all of the iron oxide to metallic iron; carburization
of the resulting mass at 240°C for about 1 hour; and use of the carburized mass in an
inert atmosphere at 578°C for about 12 minutes to obtain a product containing about 85
percent iron carbide. In US patent 2562806, iron-based catalysts are carbided by
treatment prior to or during the synthesis reaction with carbon monoxide and hydrogen
for a time sufficient to convert some of the catalysts to carbides of iron, principally
cementite. The reaction temperature for such conversion is between about 500 to 800°C.

In US patent 2780537, iron carbide is prepared by adding iron oxide to beds already
containing a large proportion of iron carbide, and the mixture thereof is treated with
carbon monoxide and hydrogen at a temperature within the range of 400-900°C. US
patent 3494738 disclosed the production of iron carbide by heating ferrocene
(dicyclopentadienyl iron) at a temperature from 475-600°C and at a pressure of less than
about 50 microns of mercury, i.e., at a low pressure in a closed system. The product thus
obtained contains a large proportion of free carbon. To minimize the contamination
problem caused by free carbon in the use of an iron carbide catalyst, Gray and Leroy (US
patent 3885023) proposed another process which proceeds by treating iron oxide
(Fe20 3) with pure carbon monoxide within the range of

510-540°C to

obtain a product

containing at least about 98 percent cementite.

In an effort to create a relatively clean, energy efficient and less expensive way of
producing steel, some attention has been directed to the conversion of iron ore directly
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to iron carbide followed by the production of steel from the iron carbide, thereby
eliminating the use of the blast furnace and the coke oven, which are inefficient,
consuming large quantity of energy, and are responsible for a large portion of the
pollution involved with steelmaking. In this regards, Stephens, Jr., conceived a process
for the direct production of steel,118 which was applied by Nucor for the production of
iron carbide on a commercial plant in Trinidad.

Fig. 4-1 shows the outline of the Nucor iron carbide process which begins in the ore
storage building, from where hematite (0.1 to 1 mm) is fed to a suspension-type ore
preheater system, heated to 700°C and introduced to the fluidized bed reactor at 570 °C
and 300 kPag with a gas containing principally H2 and CH4.121

As in any chemical reactor, the reaction would take an infinite time to go to
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Process flow diagram for the Nucor iron carbide process 121
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complete conversion of the oxide to carbide, so some residual form of oxide, in this
process magnetite, Fe30 4, will remain in each particle. The degree of conversion is
expected to be 95%, but this controlled by the operator, who may elect to increase
production at the expense of conversion, or vice versa.121

In terms of process chemistry, there are three stages in the Nucor iron carbide
process. Stage 1 involves the systematic reduction of Fe20 3 to Fe30 4 with H2 and CO. In
stage 2, the Fe30 4 is further reduced to Fe. In stage 3, the carburization of the Fe to
Fe3C occurs with the available C from the CH4 and CO. The overall reaction is contained
in Eq. 4-1:

3Fe20 3 + 5H 2 + 2C H 4 = 2Fe3C + 9 H 20

(4-1)

Fig. 4-2 shows Nucor’s January 1996 startup under inert gas conditions and the path

Fig. 4-2

Nucor’s Iron carbide plant results in January 1996121
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of the reaction on its way to making 90 percent carbide. The ore is reduced quickly from
the ferric to the ferrous state, after which, iron begins forming less quickly. After a
certain amount of iron is formed, the iron starts transforming to carbide, slowly at first,
and then at a faster rate. Apparently, after all the iron is used, the reaction slows. By this
time, the plant arrives at about 70 to 80 percent carbide. Arriving at between 80 percent
and 90 percent carbide takes a bit longer. During normal operations, the reaction is much
faster, taking between 12 to

15hours.121

4.2 Potential Use of Iron Carbide
As electric arc furnace steelmakers strive for improved productivity they are increasing
oxygen consumption to obtain additional energy input from oxidation reactions. To
minimize iron oxidation and avoid excessive yield loss, some form of carbon is normally
used as a fuel source. The traditional method of adding carbon is as coke/coal, which is
batch charged or injected, or as pig iron. As an alternative, technologies are now
available to produce ferrous charge materials containing various amounts of carbon such
as DRI, HBI and iron carbide. Among them, iron carbide has some relative merits and
disadvantages over other ferrocarbon products.119

Typically, iron carbide produced by Nucor Iron Carbide, Inc. (NICI) has the
following composition: 92% Fe3C, 5% Fe30 4, 2% Si02+Al20 3, 1% Fe.3 Compared with
DRI with 75-89% Fe, 3-18% FeO, 2-12% gangue,120 the Nucor iron carbide has higher
metallic contents accompanied by low residuals.
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Iron carbide is easier to transport than DRI, which is classified in Packing Group 1
of Division 4.2 in the UN Transport of Dangerous Goods Recommendations. It is listed
as a very dangerous substance that, during tests, ignites within five minutes of coming in
contact with air. In comparison, iron carbide is non-pyrophoric and is classified in
Packing Group III B of Class 8. It is a substance presenting minor danger. It requires no
special storage or transportation precautions.121

Regarding the energy requirement, with the potential to burn the carbon in iron
carbide to CO and CO2 , the conversion of pure Fe3C to 1 metric ton of steel will require
55 percent of the energy required when 100 percent scrap is used, and 40 percent of

Fig. 4-3

The effect of substitution of scrap on the energy consumption122
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what is required when 100 percent DRI is used.121 The influence of various substitution
of scrap in the EAF charge on the energy consumption is shown in Fig. 4-3122 (it is not
mentioned whether these figures are theoretical or measured by the author) which
indicates that iron carbide addition had a significant effect in reducing the energy
consumption in EAF steelmaking.

4.3 Industrial Application
Iron carbide products from the pilot plants operated in Wundowie, West Australia and
Golden, Colorado have been tested by five different operators in the electric arc

furnaces

since 1981. Injection was carried out on six 120-ton heats at North Star Steel, five 30ton heats at Nucor, 4-ton heats at Pacific Steel and some trials at MEFOS and Mitsubishi
Steel. In 1995, a total number of 5640 short tons of carbide were injected in 397 total
heats at Nucor Crawfordsville at an average rate of 14.2 short tons/heat.

p

i

It was noticed in these trials that the material dissolved quickly, a gentle boil was
observed, with some slag foaming, and the injection pipe was not consumed. There was
no evidence of any loss to the dust.123 There was a significant decrease in the slag FeO
content and the reduction in nitrogen level took place quite early in the process, during
the injection of the first charge of carbide, which amounted to perhaps 3 percent of the
heat weight.124 The initial nitrogen levels were typical of electric furnace practice, in the
range 70-100 ppm, but in all cases, 20-40 ppm was achieved after iron carbide
injection.26 Table 4-2 provides some of the nitrogen data. However, these were not the
final levels in the heat, because use of the arc after injection and tapping tended to put
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Table 4-2 Nitrogen analysis before and after iron carbide injection26
Heat

Before

After

N, ppm

C, %

N, ppm

C, %

1

70

1.03

31

0.62

2

86

0.95

29

0.54

3

80

0.80

35

0.24

4

70

0.74

34

0.49

5

105

0.85

40

0.33

Average

82

0.87

34

0.44

nitrogenback intothesteel,buttheauthorsclaimedthatwith achange inpractice, these
levels could be maintained.124

Upon the practical use of iron carbide in the electric furnace, the following concerns
must be set forth:

•

Dissolution rate

Over the years, many people have studied the rate of dissolution of carbon in iron
baths. The mass transfer coefficients, kL, reported by Angeles and Geiger125 were in the
range of 0.005 to 0.05 cm s'1 for the dissolution of various carbon sources, similar to
those reported by Orsten and Oeters.126 They also estimated and then measured the rate
of dissolution of carbon particles floating on the clear surface of iron carbon melts,
where the recovery is only about 50%, owing to oxidation of the exposed carbon
surface. Wright and Blaldock127 have derived equations for the dissolution of carbon
particles, and tested them by injecting carbon particles into iron baths, and proven again
that the time to dissolve small particles is very short.
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Since the dissolution is dependant on the chemical potential driving force between
the activity of carbon in the particle and that in the host melt, the rate is fastest when the
material is injected into a bath that is low in carbon. In the case of iron carbide, the
activity of carbon is essentially 1, given that it is unstable at steelmaking temperatures, so
the rate should be close to that of pure carbon particles themselves. Therefore, it is
reasonable to estimate the dissolution time using the curves of Wright and Baldock, as
shown in Fig. 4-4.
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function of particle diameter
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127

We can see that for particles of 200 micron diameter, the average size of iron
carbidematerial,thedissolutiontimeisoftheorderofseconds. Thisisinthecase where
the melt carbon level into which the iron carbide is dissolving is low, say less than 1%C.
This, in turn relates to the way in which the material is added to the

furnace. If it

is all

added at once, the carbon content would become very high quickly, and the rate if
dissolution would decrease as the carbon increases. The preferred method of addition
would be to add it to a low carbon bath and continually refineout the carbon to maintain
a high driving force for dissolution.

•

Mixing phenomena

One phenomena observed for the injection heats in the electric furnace was a gentle
boil throughout the bath right from the start of injection of iron carbide. This implied that
the bath gained a fast and well mixing which is necessary for uniform temperature and
composition distribution. The studies of the effect of solid injection on the mixing in the
metal phase provided some information. Koros et al128 found that the injection of 450 kg
CaO min'1 into a 170 ton furnace along with 1.3 Nm3 N2 min'1, resulted in a mixing time
of 2.5 minutes, compared to a mixing time of 4 minutes using 3.5 Nm3 Ar min'1 alone.
The mixing rate was determined by adding copper at a pre-selected point and thereafter
sampling the liquid at the same location at reasonable time intervals. Filar et al

found

similar poor mixing efficiency with argon injection into 100 ton heats of stainless steel,
where argon flow rates of 1.74 and 7.4 Nm3min'1, were inadequate to mix stainless steel
in 5 and 9 minutes, respectively, and not until a flow rate of 11.0 Nm3 min'1 was mixing
achieved in 4 minutes. Considering that almost every particle of iron carbide consists of

70

ironcarbideandmagnetite,andiscapableofevolvingCO accordingtothelocalreaction
4-2,3
Fe ° Ss)+ 4Fe3C(S)= 15Fe(S) + 4CO(g)
3

4

(4-2)

Considering a typical iron carbide particle, which is 200 micron in diameter, of
density of 7.694 g cm 3 (as listed in Table 4-1 without considering porosity), and contains
26% magnetite, the CO gas evolved per particle according to reaction 4-2 averages
3.0x10‘3 cm3. For a typical injection rate of 400 kg min'1, the total volume of CO evolved
will be approximately 3.7xl041min'1.

According to Nakanishi et

al,130the rate of energy dissipation per unit weight of steel

is given by:

£ = (0.0285QT/Wg) log(l + Z / 148)

where £

(4-3)

is the rate of energy dissipation in W t'1, Q is the flow rate of gas in 1 min'1,

T is the temperature of the bath in K, Wg is the weight of the bath in t, and Z is the
injection depth in cm. For a 100 tonne

furnacewith a injection depth of 25 cm,

the rate

of energy dissipation at 1873 K would be 1.3xl03 Watts per tonne. The empirical
relationship between the time required to attain complete mixing and the rate of energy
dissipation per unit bath weight was summarized by Nakanishi et al130 as:

T= 800£-0'
4
where

t

(4-4)

is the time in seconds required to attain complete mixing. Fig. 4-5

summarizes this relationship in various steel processing operations. The mixing time
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Fig. 4-5

Relationship between time required for complete mixing and the
rate of energy dissipation in various processes130

corresponding to the energy dissipation value in the case of the above iron carbide
injection can be obtained in Fig. 4-5 as about 45 seconds.

Therefore, the CO gas evolved from the iron carbide particles would be the dominant
effect in mixing. This is in agreement with the observations of Meischner and
Gmoehling131 who reported the results of mixing phenomena for a process in which
finely divided gas-releasing material, diamide lime, was injected into hot metal.

In conclusion, the major factors in relation to the mixing phenomena at certain
temperatures are the flow rate of injection and the conversion rate of iron carbide
particles corresponding to the total gas evolved from the local reaction. Increase the flow
rate will intensify the mixing. It can be noticed from the stoichiometry of reaction 4-2
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thattheamount ofCO generatedreaches themaximum when theparticlecontains about
24% magnetite or 76% iron carbide, without considering the gangue content. Excess
magnetite consumes carbon inthemelt followedby energy absorption. Although amore
pure iron carbide could be a substitute for the carbon charge with the advantages of
lower sulfur content, less energy consumption and predictable carbon recovery, lower
productivity could be suffered during the production of such an iron carbide. This
suggests an optimum degree of conversion for the iron carbide product exists which
givesreasonable gas generationfromthelocalreactionand alsosatisfiessteelprocessing
requirements.
• Nitrogen removal
Nitrogen removal has been considered as amajor advantage ofusing ironcarbide in
the steelmaking process. Fruehan132 analysed existing data by correlating logarithm
nitrogen change,

-ln[%N/%No], where %No

stands for initial nitrogen content, with

amount of CO gas generated (cubic feet per ton), as shown in Fig. 4-6. It was
demonstrated that the removal ofnitrogen ismore effective inthe case ofiron carbide
than inthe case ofnormal decarburization. 5% was also lesseffective and sulfurhad a
significanteffectonloweringnitrogenremoval.

For example, injecting 11% ironcarbideintoa 100 tonne ofsteelwould resultin 10
Nm CO gas per tonne of steelwere evolved. This compares to 5.6 Nm per tonne of
steel if0.3% carbon is blown out of the bath with oxygen injection. However, this
calculationdoes notrevealtherateatwhichthenitrogenisremoved.

73

1.2

1.0

- O
o
A
□

High sulfur
Normal
5% DRI
Fe3C

---------------..................
-----------------------------

^

0.8

^~b
z

A

o.6

o
O

0.4

O
o

0.2

O

A °

y

o .O'

■o

°, •

.

^ ^ o

o□

..-O

“1

50

,

/

-

0.0

A

A'

O
o--

//

C

-V

A

/

^

o'

O

I

I

100

150

D
I------------ 1—

200

250

—I------- 1—
300

350

400

V ^ C F f1

Fig. 4-6

Removal of nitrogen as a function of the volume of CO passed
through the melt 26

Industrial trials have shown that the nitrogen removal occurred before 3% of iron
carbide was injected. This implies that the total CO used to remove nitrogen is actually
less than 3.3 Nm3 per tonne of steel.123 Geiger thought this phenomena was due to the
tremendous surface area created by the multitude of small bubbles arising from each iron
carbide particle reacting according to reaction 4-2.123 On assuming ideal gas behavior the
above described typical particle would have a CO bubble with surface area of about 0.34
cm2 in the melt at 1873 K. At the injection rate of 400 kg min'1, the rate used in industrial
trials, the total surface generation rate could be as high as 7.5x107 cm2 s'1. According to
Stock’s Law,133 shown below in equation 4-5, the time for the typical bubble to rise
through 25 cm of steel is 40 seconds, compared with 4 seconds for the bubbles of the
order of 1 cm in diameter from an oxygen lance pipe.
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v= 2 Pmgr2

(4-5)

where v is the velocity of bubbles in cm s'1, pm is the density of the melt, r)m is the
surface tension of the melt (=1.5N m"1), g is the acceleration due to gravity, r is the
bubble diameter in cm.

The mass transfercoefficient,kL,fornitrogendesorptionpublishedby Tahkahashi et
al,134 is3x10~2cm s'1. Assuming thatthesurfacegenerationrate7.5x107cm2s’1could be
maintained throughout the injection process, ignoring the coalescence of some of the
bubbles, the volumetric mass transfer coefficient,

kLA, can be estimated

as 2.25xl06 cm3

s'1 (=7.5xl07x 3x10‘
2). This value is approximately 103 times larger than with the usual
oxygen injection decarburization, which is on the order of 103 cm3 s’1.123 This calculation
is highly theoretical but suggests that iron carbide could be very effective in removing
nitrogen by CO flushing.

It is noticed that the partial pressure of 0.005 atm of nitrogen corresponding to the
final nitrogen contents, on average 34 ppm, according to the Sievert’s law discussed in
Chapter 2.5, is rather small, indicating that as the concentration falls, equilibrium might
be reached relatively quickly, particularly in view of the slow rate of the rise of the small
bubbles, as described above. At the same time, the presence of excess carbon and low
sulfur content in the vicinity of the bubbles formed from the iron carbide particles
enhances the rate of nitrogen desorption by ensuring a low oxygen and sulfur activity at
the bubble interface, both of which are well known to poison the interface and inhibit
nitrogen transfer.123
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•

Therm al effects

The energy effects of the various reactions that occur as a result of using iron
carbide product in the EAF steelmaking are listed as follows:123

(A) F e3C = 3Fe+ C
(B) 4Fe3C + Fe30 4 =

AH298= +30 kcal/kgFe3C

15Fe+ 4CO

AH298= +600 kcal/kgFe304

(C) C+l/202=CO

AH298=-3135 kcal/kgC

(D) CO +1/202= C02

AH298= -5635 kcal/kgC

It is obvious from the above reactions that high level of magnetite in the product will
result in a predictable temperature drop of the bath which had to be counteracted by the
addition of electrical energy.

It can be calculated according to the heat balance that no

more energy is needed to dissolve iron carbide and reduce the magnetite in the product
than is given off by the oxidation of the carbon from the carbide, when the magnetite
present is 19 percent in the product. With less than 19 percent, there is a net effect to the
furnace from the oxidation of the carbon via reaction (C). Nevertheless, even though
there was a negative thermal loss, the high recovery of iron makes this low residual
material still valuable, especially in those areas where the electricity costs are high.

123

Since the process evolves large amounts of CO, there is very great incentive to use
post combustion ( reaction D) with the use of iron carbide.
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Expected effects of magnetite content on the electric energy
consumption per ton hot metal26

Fig. 4-7 illustrates the predicted effects of magnetite content in the product on the
kWh/tonne expected from the use of iron carbide. In the case of the large furnace trials,
with 11% carbide in the charge, it was estimated, after effects of delays and slow
injection rates, that the energy penalty was between 10 and 20 kWh/tonne.3

4.4 Summary
Iron carbide is a newly emerging competitor as an substitute for scrap in EAF
steelmaking among several iron bearing products such as DRI and HBI. It has the benefit
of low sulfur, very low residuals, non-pyrophoricity, and a net energy contribution to the
process, reducing the electrical energy consumption per ton, and the use of other carbon
sources. Industrial trials demonstrated that iron carbide has the potential advantage for
EAF’s in terms of nitrogen removal. It was claimed that the flushing effect of vigorous
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CO bubbles generated from the local reaction (i.e. reaction between the carbide and
oxidewithintheironcarbideparticles)accountedforthelowernitrogenlevelsachieved.

However, no fundamentalstudywas reportedon issuesrelatedto thelocalreaction,
itsthermodynamics andkineticsasitisintroducedtoahotenvironment. The objectiveof
thisstudyisto investigatethelocalreactions occurring withinthe ironcarbide particles,
that are considered to be responsible for the nitrogen removal during the steelmaking
process, usingthermogravimetric analysis(TGA) and differentialthermalanalysis(DTA)
methods. A characterization of the iron carbide powders is also carried out to support
an understanding of the mechanisms.
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5 Experimental
This chapter describes the laboratory experiments conducted to characterize commercial
iron carbide powders from two different places, namely, Nucor Steel (USA) and
Wundowie (former iron carbide pilot plant in West Australia). Optical microscopy and
scanning electronic microscopy (SEM) were used to examine the micro structure; for
phase determination the x-ray diffraction analysis was employed; particle size distribution
and bulk density of the powders were carried out. The local reaction behavior within the
iron carbide was investigated by thermogravimetric analysis (TG) and differential thermal
analysis (DTA) techniques.

5.1 Characteristics of Iron Carbide
5.1.1 Chemical Analysis
The chemical analysis for the iron carbide powders from two different places, Nucor and
Wundowie, was carried out by BHP Research Newcastle Laboratory. The main
techniques used are as follows:

For total iron determination, a solution of the sample in hydrochloric acid is reduced
with stannous chloride and the excess stannous chloride is oxidized using mercuric
chloride. The ferrous iron is titrated with standard potassium dichromate solution.

For the determination of metallic iron, the sample is reacted with bromine-methanol
solution to dissolve the metallic iron, leaving oxides undissolved. Following filtration the
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filtrate is fumed with sulfuric acid, extracted with water and hydrochloric acid and
metallic iron is determined by titration with potassium dichromate solution.

Ferrous iron was measured by extracting ferrous iron from the sample with
hydrochloric acid under an atmosphere of nitrogen into solution, which is then titrated
with potassium dichromate. Standard deviation is 0.10 (>10%) or 0.05 (<10%).

A Labtam 8440 Inductively Coupled Plasma (ICP) Spectrometer was employed in
determining the minor elements in the material. The sample is dissolved in aqua regia and
hydrofluoric acid. Boric acid is added to complex excess hydrofluoric acid.

A LECO CS-125 carbon and sulfur determinator, Model 788-400, was used in
determining the carbon and sulfur contents in the material. The sample is combusted in a
induction furnace and the gas evolved is subjected to infrared detector cell to measure
the carbon and sulfur content. The repeatability tolerances for blank determinations are
±0.0008% for carbon and ±0.0015% for sulfur.

One sample was subject to Mossbauer spectroscopy to determine the iron carbide
phase in the sample. This technique has the ability to detect the slight variation in the
energy of interaction between the nucleus and extra-nuclear electrons.133

5.1.2 Microstructure
•

Optical microscopy
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For observation in the optical microscope, powder samples were mounted in bakelite,
ground on fine grades of silicon carbide paper, and polished to lfim. The micro structures
were examined with a Nikon reflected light microscope. In order to distinguish different
phases in the samples, color etching was applied by etching the polished sample in a
thioglycolic acid reagent which attacks cementite but not magnetite, hematite and ferrite.
Under the optical microscope, the cementite was colored to brown, but the magnetite
remains grey.

Different phases in the particles were also distinguished and verified by comparing
the obtained Vickers hardness numbers with the standard ones, some of which were
listed in Table 5-1. A Leco Microhardness Testing Machine M-400-H1 was employed in
measuring the microhardness of the phases.

Table 5-1 Vickers hardness numbers of possible phases present in the particles136
Phase

Load, g

H ardness num ber

Wustite (FeO)

-

250-350

Magnetite (FeaCU)

-

450-550

Hematite (Fe2C>3)

50

1100

Iron (Fe)

25

170-220

Cementite (FesC)

100

595-825

•

Scanning Electron Microscopy (SEM)

Powder samples were mounted on half inch diameter aluminium stubs and fixed in
position using a double-sided graphitized adhesive tape. Samples were then subjected to
a 10-second burst in a DYNAVAC magnetron sputter coater (model SC100M) to
deposit a thin film of conducting gold on the specimen surface. For phase determination,
the particles were mounted in carbon or aluminium bakelite, and following the above

81

polishing stepto ljim. Specimens were then insertedinto a Cambridge Leica 440 SEM
analyzer, examined to yieldmaximum contrast, and photographed to keep a permanent
recordofparticularfindings. An Energy DispersiveX-ray Spectroscopy (EDX) detector
Link ISIS300 system attached to the SEM allowed determination of the chemical
compositionofthevariousphasespresent.

5.1.3 Particle size distribution

Screening was used todeterminetherelativeamounts ofvariousparticlesizeinthe iron
carbide samples, especially for powders with particles larger than 1 mm. Prepared and
weighted powders were put through a series of different size sieves, weighing portions

of

particles in each size range. Original Nucor iron carbide was characterized by this
method.

For much finer powder samples, like Wundowie iron carbide powder, and samples
to be used for the TG-DTA analysis which were obtained by gently crushing available
particles, and further grinding using an agate mortar and pestle, the particle size
distributions were measured by a Malvern Mastersizer (Made by Malvern Instruments
Ltd., UK) which operates over particle sizes ranging from 0.1 to 1000 pm, based on a
light diffraction and scattering principles. The particles must be completely dispersed in a
liquid to ensure that one is not measuring the size distribution of particle agglomerates.
For iron carbide powders, acetone was found to be effective in improving the
dispersability of the particles and reduce inter-particle attractions. The software
Mastersizer S Ver. 2.11 was used to control the analyzing process and calculate the
relevant parameters such as mean diameters and specific surface area. The statistics of
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the distribution were calculated from the data collected using the derived diameters

D[m,

n] were used on an internationally agreed method of defining the mean and other
moments of particle size, according to British Standard

BS2955:1993. The

derived

diameters are defined as:

D[m,n]= I>iC

(5-1)

Evdr

where Vi is the relative volume in class i with mean class diameter of

dj.m

and

n are

integer values which describes the type of derived diameter. Some well known examples
are D[4,3] the volume weight mean diameter, D[3,2] the surface weighted, and D[ 1,0]
the arithmetic mean diameter. So the mean diameter can then be described as:

7d= —=
I d-iX .

2

D[K+ 1,K]

(5-2)

> ,

for volume distribution, K is equal to 3 and Xj is equal to V,. The specific surface area
(SSA) is defined as the total area of the particles divided by the total weight.

SSA =

6
pD[3,2]

(5-3)

where p is the particle density.

5.1.4 X-ray Diffraction Analysis
A computerized Philips diffractometer model 1020 (designed for flat powder specimens
at room temperature) was used for phase content determination. It comprises a quartz
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monochrometer to provide CuK« radiation with wavelength X of 1.540562 A. The
diffractogramdatawere storedandprocessedby aPC runningtheprogram T r a c e s

V 3 .0 .

The samples were ground intofinerpowder andthenrunata0.02°stepand aspeed
of 0.5° per minute with a 0.2° slit on the focusing circle. The phase content of the
samples was determined by comparing prominent and sharp reflection lines against
known values from known substances recorded inthe CD-ROM version PDF database
(CopyrightofJCPDS-ICDD, 1995).

5.1.5 Density measurement
Albeit the true density can be measured by displacement of any fluid in which the solid
remains inert if the powder has no porosity, and using a gas as the displaced fluid if the
solid particles contain pores, cracks or crevices which will not be completely penetrated
by a displaced fluid,137 large amounts of pores and internal voids (which can be seen in
the micrographs) make it impossible and unnecessary to seek an accurate way to get a
true density. The bulk density is recommended to get a effective density for the iron
carbide powder.

The volume occupied by the solid plus the volume of voids when divided into the
powder mass yields the bulk density. Therefore, when powder is poured into a graduated
container, the bulk density is the mass divided by the volume of the powder bed.

Something should be kept in mind is that the iron carbide particles contain some
embedded foreign bodies which may increase or decrease its density, and also contain
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blind pores

or voids which are totally encapsulated by the particle and will effectively

reduce the particle’s density.

5.2 Thermal Analysis of Iron Carbide Powder
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) methods
were employed to obtain a better characterization of the thermal effects resulting from
the local reactions which could be happening when the iron carbide powder is introduced
into a hot environment, the reaction between iron carbide and magnetite inherently

exist in

co

almost every particle. The studies were carried out both under isothermal and

non-isothermal conditions.

For the non-isothermal studies, a SET ARAM TGDTA92 unit (made in France),
which allows simultaneous TGA and DTA, was used. The balance of the unit has a
detection limit of 1 |ig. The system was fully controlled by an IBM PC through a CS92
controller. The assembly of the unit is shown in Fig. 5-1. The TGA and DTA studies
were carried out simultaneously under Ar atmosphere. About 100 mg sample was kept in
a alumina crucible with a dimensions of 5 mm in diameter and 6 mm in height. Before
heating, the chamber was evacuated for 15 minutes down to a vacuum of 10 Pa. The
reaction chamber was then filled with argon through the carrier gas inlet shown in Fig. 5
1. A constant flow rate of 0.3 1/min was then maintained and the gas was led out through
the outlet at the lower end of the reaction tube. Initially, the higher temperature limit was
chosen as 1923 K, which was found to be high enough over the melting point of pure
iron. Further experiments were concentrated on the interested area over the temperature
range of 773-1173 K, so the higher temperature limit was set at 1273 K. Two heating
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Thermobalance.

Fig. 5-1

The SETARAM TGDTA92 system experimental assembly

rates were employed, namely, 10 and 14 K/min. The weight changes of the sample and
the DTA signals were registered by the computer at an interval of 2 seconds in the case
of using maximum 1923 K and 1.2 seconds in the case of maximum 1273 K.

For comparison purpose, the particle size distributions for the powdered samples
were measured using Malvern Mastersizer described in chapter 5.1.3 and the specific
surface area was obtained from the analysis report made by the accompanied software.

Due to the local reactions within the iron carbide samples when they are introduced
to a hot environment, there are difficulties in getting the sample into a preset temperature
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zone in the furnace without disrupting the whole operation of the above described
SET ARAM equipment. So the isothermal TG experiments were carried out by use of
another set of apparatus, which consists of a two-zone silicon carbide furnace with a
SATORIUS electronic semi-micro balance (Model BP-210s, made in Germany) capable
of maximum 210 g weighing and 0.1 mg accuracy. Powdered samples about 1.2 g were
placed in a flat alumina crucible (40 mm in diameter and 15 mm in height), and
suspended inside a alumina reaction tube, of 100 cm long and 60 mm of diameter, from
the top of the furnace with a platinum wire of 0.5 mm diameter. The furnace was fully
controlled by a IBM PC running a monitoring software programmed with LAB VIEW. A
schematic diagram of the experimental apparatus is shown in Fig. 5-2.

When the furnace had stabilized at a certain temperature, the tube was flushed with
high purity argon gas running from the bottom at a flow rate of 1.5 1/min for 5 min,
passing through a tube furnace filled with copper turnings to clear traces of oxygen in the
gas and silica gel to remove water vapor. The crucible with sample was introduced from
the top and positioned at the very near point of the top of a Pt-10 pet Rh/Pt
thermocouple covered with an alumina sheath. During the experiments, the weight
changes of the powder were registered by the computer at intervals of 5 seconds.

The reaction rate was found to be very slow below 673 K. Hence, the lower
temperature limit of the isothermal experiments was kept at 773 K. On the other hand,
the higher temperature limit for isothermal reaction was chosen to be 1173 K, as the
reaction rate was very high beyond this temperature.
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Gas cylinder
Flow meter
Gas outlet
Gas inlet

Fig. 5-2

2.
5.
8.
11.

Copper furnace
Sample
Thermobalance
Datalogging

3.
6.
9.
12.

Silica gel
Reaction tube
Thermocouple
Main controller

Experimental assembly for isothermal reaction

6 Experimental Results
6.1 Chemical and Physical Characteristics of Iron Carbide
6.1.1 Chemical Analysis
The chemical analysis results (Determined and copyrighted by BHP Research Newcastle)
of iron carbide from two different places, Nucor and Wundowie, were summarized in
Table 6-1. It is seen that the Nucor sample has higher magnetite content and lower iron
carbide content than the Wundowie sample. From the diversity of the materials used to
produce iron carbide, especially the quality of concentrate and natural gas varies greatly

Table 6-1 Typical chemical analysis of commercial iron carbide
from two different places
P ercen t item

Iron C arbide
Nucor

W undow ie

Percent Metallization, %

71.0

77.7

Total Iron, wt%

84.9

80.7

9.1

3.3

Mossbauer FesC, wt%

51.2*

59.5

Fe3 0 4 , wt%

31.6

24.8

Carbon, wt%

3.42

4.7

Sulfur, wt%

0.004

0.05

Gangue, wt%

<1.89

6 .6

S i0 2

1.25

3.5

AI2O 3

0.31

1 .8

P2O 5

<0.02

0.7

CaO

<0.05

0.3

MgO

<0.05

0.1

T i0 2

0.05

0.2

K20

<0.05

-

ZnO

<0.02

-

Na20

<0.05

-

MnO

0.04

-

Metallic Iron, wt%

* This value was calculated from C% theoretically.
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from one place to another, it is expected that they may have different compositions.

In order to characterize the different iron carbide product it is important to define
certain chemical and characteristics that are appropriate to describe a given product.

•

Metallization:

This term is used to express the extent of reduction, and is

defined as the percent of total iron in the product that is in the form of metallic iron, here
the iron in the form of Fe3C is treated as metallic iron. Hence the definition is as follows:
weight percent of metallic iron
%Met = ---- *7-r------------:----- r ------ -100
weight percent of total iron
•

(6-1)

Carbon content:

Carbon present in iron carbide powder is mainly in the form of Fe3C and some
discrete soot, which comes from carbon deposition occurring at low temperatures in the
reactor with high concentrations of carbon monoxide. Under these conditions the CO gas
is thermodynamically favoured to dissociate into C 02 and carbon according to the
following reaction:
2CO(gas) = C 0 2(gas) + C

(6-2)

In the iron carbide production, carbon is combined with Fe3C according to the following
reaction, as described earlier:

3Fe20 3 + 5H2 + 2CH4 = 2Fe3C + 9H20

The amount of carbon present in the products is indicated in the Table 6-1.

•

Gangue content:
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(4-1)

The iron carbide product retains most of the gangue materials originally present in
the concentrate. So, careful attention must be taken in the selection of the iron ore
source used in the process. Typical gangue compositions found in iron carbide are shown
also in Table 6-1.

XRD patterns shown in Fig. 6-1 (refer to PDF details retrieved from CD-ROM
version database shown in Appendix) also depicted the phase difference between these
two iron carbides, that iron carbide and magnetite were the predominant phases, and iron
and wtistite were the minor phases. Nucor carbide has large proportion of magnetite, and
higher ratio of Fe/Fe3C than Wundowie carbide which is consistent with the chemical

Fig. 6-1

XRD patterns of two iron carbides showing phase differences
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analysis result. Only minor phase of graphite can be seen in Nucor carbide.

6.1.2

Physical Properties

As a powder product produced from industrial fluidized-bed reactors, iron carbide has
particular properties, which are crucial to further understanding its practical application
in the steelmaking process. As described earlier, the variation in quality of raw materials
and operation regime applied in the iron carbide production process will be reflected in
the characteristics of the final product.

Optical microscopy, SEM, EDX, XRD and particle size distribution were used to
characterize iron carbide powders.

6.1.2.1 M orph ology a n d M icro structure

Fig. 6-2

SEM micrograph showing a general view of the iron carbide powder
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The morphology of the iron carbide powder (Nucor sample) can be seen from the SEM
micrograph shown in Fig. 6-2. The granular solid consists of particles of a wide size
range of 10-800 micron. The Nucor iron carbide has the color varied from dark grey to
black, and also has a certain amount of shinny particles visible to the naked eye, while the
Wundowie iron carbide appears dull grey. XRD patterns for shinny particles in the Nucor
iron carbide were obtained, as shown in Fig. 6-3, and it is clear that they contain more
iron and iron carbide, and less magnetite when compared with the standard Nucor
sample.

An enlarged SEM micrograph for the Wundowie iron carbide particles is shown in

•U)
c

CD

<I.)

_Q
<

100

Two-Theta, degree

Fig. 6-3

XRD patterns showing shinny particles with more iron and iron carbide,
and less magnetite compared with the standard Nucor sample
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Fig. 6-4

SEM micrograph showing the enlarged surface of the
iron carbide particles

Fig. 6-4. Its morphology presents much undulation and porosity than the Nucor iron
carbide.

Microscopic examination showed considerable variability in the structures of
particles present in the Nucor sample, but quite uniform structure for the Wundowie
sample. This was due presumably both to the heterogeneity of the original particles (size,
degree of fracturing, presence of multiple phases), the inherently non-uniform sequence
of conditions in the fluidized-bed to which each particle was exposed and also the
residing time of the materials in the reactor which reflects the conversion rate of iron
carbide.

Typical microstructures of the Nucor sample are shown in Fig. 6-5 to Fig. 6-8. A
rarely found hematite particle in Nucor sample is shown in Fig. 6-5, it was found to have
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an average Vickers hardness of 1200 Hv measured by Leco Microhardness Testing
Machine described inChapter 5.1.1. Fig. 6-6 shows a particle with large areas of grey
phases,whose hardnessof470-540 Hvsuggestsamagnetitephase accordingtostandard
microhardness value showed inTable 5-1. Itisseen that these magnetite phases were
adhered with Fe/Fe C at the inner wall ofthe pores. Wustite was detected as a minor
3

phase, asshown inFig.6-1,byXRD analysis,butattemptstodistinguishawustitephase
by etchingwere notsuccessful.

Fig. 6-7 presents atypicaltopochemical patternoftheparticleintheNucor sample
with the magnetite phase in the middle and the iron carbide as the outer layer.
Examination of a random batch of particles (normally 100 pieces) under microscope
showed that approximately 80 percent of the particles had this structure. The rest of the
particles, as shown in Fig. 6-8, were fully converted iron carbide particles of a single
phase. The microhardness of these particles vary

from 200

to 500 Hv, which is lower

than the value for standard cementite phase, as shown in Table 5-1, and might due to the
large areas of porosity.

A different scenario was found in the Wundowie iron carbide sample which had a
rather uniform morphology. Fig. 6-9 shows a typical cross-section of a Wundowie
particle with a large void and porous shell. An enlarged micrograph of a corner of the
particle, as shown in Fig. 6-10, gives more information about the shell which consists of
mixed phases of iron carbide and magnetite. Particles with single iron carbide phase can
also be found in the Wundowie sample with less porous microstructure, compared with
the particles in the Nucor sample, as shown in Fig. 6-7.
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Fig. 6-5

Optical micrograph showing the cross section of a unreacted
iron ore particle with microhardness of 1200 Hv

Fig. 6-6

Optical micrograph showing Fe (white) adhered to
magnetite (grey)
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Fig. 6-7

Optical micrograph showing typical topochemical
pattern of the particle (magnetite in the middle, outer
is mainly cementite)

Fig. 6-8

Optical micrograph showing a fully converted iron
carbide particle with highly porous appearance
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Fig. 6-9

Optical micrograph showing a typical cross-section of
a Wundowie iron carbide particle with a large void and
porous shell

Fig. 6-10 Enlarged micrograph showing a corner of a Wundowie
iron carbide particle
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6.1.2.2 Bulk density
The bulk densities of the two iron carbide powders were obtained by weighing a certain
volume of powder in a graduate, and the bulk density is the mass divided by the volume
of the powder bed. The bulk density result for the Nucor and Wundowie powder, was
respectively 2.48 ± 0.08 g cm’3 and 2.11 ± 0.14 g cm’3. The greater porosity observed in
the Wundowie iron carbide is consistent with its lower bulk density and also linked to the
thermal analysis results which will be discussed in Chapter 6.2.

6.1.2.3 Particle size distribution
The particle size distribution of Nucor iron carbide powder was determined by sieving.
Fig. 6-11 shows a histogram of the relative percentage frequency distribution by weight

0

150

300

450

Particle size, um

Fig. 6-11 The relative percentage frequency distribution by weight
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from the raw data presented in Table 6-2. It is clear that the areas of the rectangles are
proportional to the weight of the particles in the relevant intervals and that the total area
under the histogram is equal to the total weight of the sample. A smooth curve was
drawn through the histogram to give a frequency distribution. The mean size of 201.32
micron for the Nucor iron carbide was obtained by a tabular calculation method
described by Allen,138 as shown in Table 6-2.

Table 6-2

Tabular calculation of mean size of iron carbide powder

Particle Size

Interval

Range, (im

Average

Percentage in

Percentage per

Size

Range

Micrometer

x1 to x2

dx

X

dW

dW/dx

xdW

Oto 32

32

16

0.03475

0.001085938

0.556

32 to 38

6

35

0.03475

0.005791667

1.21625

38 to 53

15

45.5

0.4864

0.032426667

22.1312

53 to 75

22

64

2.3975

0.108977273

153.44

75 to 105

30

90

14.0375

0.467916667

1263.375

105 to 150

45

127.5

27.9708

0.621573333

3566.277

150 to 212

62

181

26.581

0.428725806

4811.161

212 to 425

213

318.5

24.4267

0.114679343

7779.904

425 to 1000

575

712.5

3.3704

0.005861565

2401.41

ExdW =

19999.47

Mean size = 2xdW/ZdW =

201.3238

For the finer sample employed in the TG and DTA experiments, particle size analysis
was made by using the Malvern Mastersizer described in Chapter 4.2.1. The mean
diameter D[v, 0.5] and specific surface area for the four kinds of samples referred to in
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the TG and DTA experiments were obtained as described in Chapter 5.1.3 and listed in
Table 6-3.

Table 6-3

The results of the particle size analysis for different powders by the Malvern
Mastersizer

Name of powder

Mean diameter D(v,0.5), pm

Specific surface area, m2 g'1

Nucor fine powder

38.63

0.7643

Nucor Coarse powder

249.48

0.0118

Wundowie fine powder

23.65

0.4104

Wundowie Coarse powder

468.92

0.0068
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6.2 Thermal Analysis
6.2.1 Influence of Experimental Factors
The effects of variations in experimental parameters on the shape of a TA traces are
numerous and this investigation was restricted to the more practical of these variables,
namely effects associated with the rate of heat supply to the sample, and with the sample
itself.

•

Variatio n o f h eating rate

The results of the TGA measurements for the reactions in the iron carbide powder under
Ar atmosphere at two heating rates namely 10 and 14 K min'1 are presented in Fig. 6-12.
The dimensionless mass change, X, represents the ratio of the weight loss at time t to the

Fig. 6-12 The results of the TGA measurements in Ar for different heating rates

102

final weight loss. In order to compare the results of different heating rates, the zero time
for the reaction was taken when the weight of the sample just started to decrease. It is
seen that the time required for the complete reaction decreased as the heating rate
increased. This would be expected, as the sample would attain higher temperatures
quickly at faster heating rates and, consequently, the reaction rate would be higher. A
lighten discontinuity in slope was observed between X=0.4 and 0.7 in each curve,
indication that there was a change in the reaction mechanism. In fact, after this region,
the reaction rate tends to slow down.

•

Variation in sample size

The results of TGA measurements for the Nucor iron carbide powder with different

Heat Flow, |iv

O)
£

CD

h-

Fig. 6-13 The influence of particle size on the reaction for Nucor iron carbide.
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particle size distribution, namely fine and coarse particles, at constant heating rate (10 K
min'1) and sample weight (78 mg) in Ar atmosphere, are presented in Fig. 6-13. The
particle size analyses of the powders used in the experiments were given in Table 6-3. It
is seen that while both of the reactions started at a temperature of 772 K and with the
similar shape of curve, the terminating temperatures of the reactions were found to be
1143 K and 1191 K for the fine and coarse powder respectively. It is obvious that finer
powders have the best surface to volume ratio and at any given temperature the extent of
reaction is greater than for samples with larger particle size. The smaller the particle size,
the greater is the extent to which equilibrium is reached, all other conditions being equal.
This was even the case when the CO evolving was controlling the reaction kinetics at the
last stage of the reaction for the coarse powders owing to the lower surface area which
can inhibit the diffusion of the evolved gas through the sample.

6.2.2 Non-isothermal Reaction
Simultaneous TG, DTG and DTA were employed in non-isothermal experiments. The
relation between dm/dt and temperature was expressed as DTG curve, which can claim
certain advantage over the TG curve in the matter of graphical presentation and it often
bear a strong resemblance to DTA curves and permit comparisons to be made.139 In this
investigation the DTG data were calculated from the TG data in an interval of 1 minute.
The result curves for the Nucor fine powder with the temperature range from 293 to
1923 K at the heating rate of 10 K min'1 are plotted as functions of temperature in Fig. 6
14.
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Fig. 6-14 TG, DTG and DTA results of Nucor fine sample in Ar gas.

For the convenience of explanation, the figure has been divided into three parts, A
through C, marked by dotted lines. In region A, the starting portion up to 520 K in both
TG and DTA curve presents a discontinuity which is due to the deviation of temperature
from the linear heating line. Thereafter, up to about 767 K, a slight upward trend shown
both in TG and DTA curves is due to the system noise. The DTG curve is nearly
horizontal, indicating negligible reactions within the iron carbide particles in this region.

In region B, the TG curve shows a great weight loss of 7.592%. It is evident in the
DTA curve that there are four endothermic peaks during this stage. Simultaneous DTG
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curve gives more details that during the first two peaks the sample loses its weight
sharply and at the second peak at 943 K gains the fastest rate of reaction, followed by a
slow down at the third peak and after a final rate increase at the fourth peak the sample
tends to stop the weight loss, indicating the termination of the local reactions within the
sample.

In the final region C, there is a consistently slight weight gain as seen in the TG
curve, which is also due to the system noise. However, three endothermic peaks at 1201
K, 1667 K and 1827 K are evident as arrow marked in the DTA curve, which would
correspond to the phase transformations of iron from a-Fe to y-Fe, y-Fe to 5-Fe, and 8-

cn

-t—I

c

13
6

2-Theta, degree
Fig. 6-15 XRD pattern showing pure iron after non-isothermal experiment
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Fe to liquid iron respectively (refer to Fig. 7-2). Fig. 6-15 showed XRD pattern of the
final sample of the Nucor fine powder after the non-isothermal experiment over
temperature range of 293-1873 K in Ar gas. Only a pure iron phase was found in the
sample and no other impurity phases. This also to some extent verifies that the weight
gain indicated by the TG curve is due to the system noise, not the oxidation reactions. A
series of minor endothermic and exothermic peaks in the DTA curve at temperatures
from 1380 K to 1640 K exist in this region which could not be explained.

The reproducibility of the data was illustrated by the two duplicate runs
corresponding to a full temperature range (273-1873 K) and a smaller range of interest

Heat Flow, ¡j v

Fig. 6-16 Non-isothermal TG-DTA curves of the Nucor samples showing resemblance
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(273-1273 K) respectively, as shown in Fig. 6-16. It is seen that most of the reflection
points lie at the same temperatures in the curves. Two TG curves showed the same
pattern and total weight loss as described above. The higher resolution of the DTA
curve obtained for the experiment carried out in the temperature range of interest was
due to the smaller samples employed and sensor change in the TGDTA92 system.

Additional experiments were carried out over the temperature range of interest (273
K to 1273 K) to learn more about the local reaction. Comparisons were made in terms of
different particle size and material origin.

Heat Flow, jjv

Temperature, K

Fig. 6-17 Comparisons of non-isothermal curves between two different samples
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The resultsofTA experiments for the Nucor fineand the Wundowie fine samples
(the particle size analyses ofthe powders were given inTable 6-3) atconstant heating
rate(10K min'1)and sampleweight(78mg) inAr atmosphere were shown inFig.6-17 .
It is seen that they show similar shapes in both DTA and DTG curves. However, the

DTA

curve for the Wundowie sample is rather smooth, because the highly porous

character of the sample resulting in its lower thermal conductivity, which is reflected on
the response of heat flow in the DTA instrument. Also the TG curve of the Wundowie
sample shows no obvious weight change up to 850 K, followed by a three-step weight
loss compared with two for the Nucor sample. Therefore, it may be concluded that heat
transfer plays an important role in the reaction rate of the Wundowie sample.

6.2.3 Isothermal reaction
The reaction curves in the case of isothermal experiments at various temperatures are
presented in Fig. 6-18. The mass loss is given by TG which represents the dimensionless
mass change, namely, the ratio of the mass loss to the initial mass, that is:

m0-m.
TG,% = — --- Lx 100
m0

(6-3)

It is seen in Fig. 6-18 that the reaction is relatively slow at 773 K, which is in
accordance with the observations in the case of non-isothermal reactions, that this
temperature is just over 767 K when the reduction reaction becomes obvious.
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Time, s
Fig. 6-18 The isothermal reaction curves of Nucor iron carbide powder

The same pattern is observed in all curves thereafter. An embryo period can be
noticed at the beginning of each curve, and is dependent on the experiment temperature,
which means at lower temperatures the reaction needs relatively longer time to start. The
reason for this phenomenon is apparent because both the sample and the crucible require
relatively longer time to achieve the set reaction temperature at lower temperatures when
they are introduced to the reaction zone initially, and it also takes longer time for the
reaction to proceed to the completion at lower temperatures. In this set of experiments
only runs at 1073 K and 1173 K reached the termination of reaction within the actual
reaction period.
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The final weight loss of 8.7% for the Nucor sample is found smaller than the
theoretical value of 9.6%, calculated on the assumption that the 51.2% Fe3C in the
sample has been fully reacted, and the Fe30 4 is in excess. However, this is not the fact
with the real particles, in which there exist some uniform iron carbide particles with no
magnetite phase (shown in Fig. 6-7) that can rarely have the chance to react with
magnetite. Therefore, the actual percentage of Fe3C involved in the local reaction can be
obtained as 90.6% (=8.7/9.6x100%), which also implies that only about 9.4% particles
were fully converted to iron carbide in the Nucor sample. For the Wundowie sample, a
similar calculation can be drawn by examining the curve shown in Fig. 6-19. Actual
weight loss of 8.5% compared with the theoretical value of 11.2%, indicating a higher

Time, s
Fig. 6-19 The isothermal reaction curves at 1173 K
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percentage (about 25%) of uniform iron carbide particles in the Wundowie sample.

A careful examination of Fig. 6-18 revealed that a series of discontinuities, indicated
as arrows, exist for the runs at 873 K, 973 K, 1073 K and 1173 K, indicating a
mechanism change as observed in the non-isothermal experiments. This is further clearly
shown by DTG curves in Fig. 6-20. It can also be seen that the discontinuity gets less

oia
Time, s
Fig. 6-20 The isothermal reaction curves of Nucor iron carbide powder

pronounced as the temperature of the reaction is lowered. This would possibly be due to
the fact that the first stage of the reaction might last much longer at lower temperatures,
and the second step of the reaction is merged with the first.
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The rates ofweight loss during the constant-rate regions ofthe isothermal curves
shown inFig.6-18 were calculatedat873, 973, 1073 and 1173 K. The lower and upper
time limitsoftheseconstant-rateregions were 165 and 220 seconds at873 K, 120 and
165 seconds at973 K,70 and 115 seconds at 1073 K, and49 and 86 seconds at 1173 K.
The rates calculated over these time increments are listed in Table 6-4. According to
Arrhenius equation:140

k = Aexp(-E/RT)

(6-4)

where k is the rate constant of the reaction with the units of s'1, A (s'1) is the pre
exponentialfactororfrequencyfactor,E (kJmol'1)istheactivationenergy,T (K) isthe
temperatureofthesampleandR (8.314Imol'1K'1) isthegasconstant,which canbeput
intoalinearrelationshipbytakingthelogarithm,

Ink= InA- —

f-1
It,

the activation energy can be evaluated by plotting Ink versus

(6-5)

1/T, which is supposed

to

be a linear line. The negative slope of the line is equal to E/R,and using this relationship,

E = R(-slope)

The intercept of such a plot is InA, so that A can be readily evaluated.
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(6-6)

Table 6-4

The temperature dependence of the rates of local reaction
within the iron carbide powder

T em peratu re, K

Rate k,

s '1

873

4.4245

973

3.5588

1073

3.0266

1173

2.8442

Fig.6-21 shows theArrheniusplotofInkversusreciprocaltemperaturebasedonthe
above data for the four different isothermal experiments in Table 6-4. The activation

In k, s

energyE of45.77±6.38kJmof1andthefrequencyfactorA of7.27s'1were obtained.

Fig. 6-21 Arrhenius plot for the local reaction of Nucor iron carbide powder
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7

Discussion

7.1 Characteristics of Iron Carbide
The characterization of the commercial iron carbide powders provided a way of fully
recognizing some crucial issues associated with its production in the ICH process and its
application to the steelmaking process.

In the ICH process, the iron concentrate was reduced in the fluidized-bed reactor by
the CH4 and H 2 gases via the following production route:

Fe20 3 —> Fe30 4 —» Fe —» Fe3C

(7-1)

Due to the non-uniformity of reacting materials and conditions in the reactor, the
characteristics of the final product are likely to vary greatly in morphology and
microstructure. Therefore, the variety of the product microstructures revealed by
examining the cross-section through the use of optical microscope, SEM and EDS were
associated with the reduction progress in the fluidized-bed reactors used for producing
iron carbide.

In the iron carbide process, the iron phase was carbonized to form iron carbide as
series of oxide reduction reactions were undergoing at the same time, the case of which
was represented by typical particles shown in Fig. 6-8. Fig. 6-6 shows metallic iron
adhered to the magnetite phase, which would act as a catalyst for further carbon
deposition.141
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Under the reaction temperature of 843 K in the reactor, wustite (FeO) is excluded
from the reduction route as it is unstable below that eutectoid temperature
thermodynamically. However, in the original iron carbide samples there exists trace ot
wustite, which is due to the temperature or gas composition variation from one place to
another in the reactor. It is also the case that very few pieces of Fe20 3 can be observed in
the Nucor iron carbide sample.

The microstructures of original iron carbide powder showed two representative
types, namely, topochemical reduction where the formation of distinct product layers
occurs during reduction, and the uniform internal reduction without layer formation
(shown by Fig. 6-7 and Fig. 6-8 respectively).

Extensive work has been done to study the structural changes in iron oxides during
reduction, a more detailed description of this two modes of reduction are given below.

•

Topochemical reduction

Many investigators142 have observed the formation of distinct product layer during the
reduction of dense iron oxide particles. This mode of reduction with layer formation is
often known as topochemical reduction. When dense oxide pellets are reacted with a
reducing gas, reduction occurs from the outer surface of the particle towards its center
This results in the inward advance of concentric layers with different degrees or
reduction, where the outer layer will have higher degrees of reduction than the internal
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ones. For the iron carbide, the typical topochemical profile is a core of magnetite
surrounded by a outside layer of iron carbide, as shown in Fig. 6-7.

•

Uniform internal reduction

A different type of structure is observed during the reduction of highly porous oxide
particles. In this case the reducing gases can diffuse easily into the pores of the particle
and internal reduction can occur without the formation of distinct product layers. This
type of reduction is often known as uniform internal reduction. 142 Fig.

6 -8

shows a highly

porous fully reduced iron carbide particle. In this case a more diffuse type of reduction is
observed with no evidence of distinct product layers.

The comparable XRD patterns of the selected shinny particles with the original
Nucor iron carbide powder (shown in Fig. 6-3) also suggests great variation in the
composition of particles.

It is evident from this characterization that the iron carbide powders involved in this
investigation have relatively lower conversion rate, compared with the aiming rate of 85
90 percent Fe3C. The conversion is dependent on the quality of the raw materials such as
iron ore and natural gas, and production parameters such as temperature and pressure.
The higher the percentage of iron carbide in the finished product, the longer the material
has to stay in the reactor, and the greater the gas consumption per tonne . 143 It is
therefore suggested that an optimum conversion rate be given by further investigating the
local reaction within the particle and its effects relating to the steelmaking process.
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7.2 On Local Reactions within Iron Carbide Particles
7.2.1 Thermodynamics and reaction profile
The standard free energies of the possible local reactions within the iron carbide particles
as a function of temperature and the equilibrium temperatures, Tm, calculated from the
available thermodynamic data144 are listed in Table 7-1.

A possible explanation of the local reactions that occurred in the temperature range

Table 7-1 Standard free energies of formation from the elements per mole of species,
and standard free energies of reaction per mole of reaction144

AG°, J/mol

Temperature range, K

Fe3C (s)

29037-28.033T

298-1000

Fe30 4 (s)

-1103120+307.378T

298-1870

Fe20 3 (s)

-815023+251.117T

298-1735

FeO (s)

-264002+64.591 T

298-1650

C 0 2 (g)

-394762-0.836T

298-2500

CO (g)

-112877-86.514T

298-2500

AG°, J/mol

Tm (AG°=0), K

-29037-307.378T

-94

17883-21.087T

848

(3) Fe3C+C02=3Fe+2C0

139971-144.159T

971

(4) Fe3C+4Fe30 4=15FeO+4CO

310536-319.128T

973

(5) 4Fe3C+Fe30 4=15Fe+4CO

535464-541.302T

989

(6) FeO+Fe3C=4Fe+CO

122088-123.072T

992

(7) Fe30 4+4C(gr)=3Fe+4C0

651612-653.434T

997

(8) FeO+C(gr)=Fe+CO

151125-151.105T

1000

29229-27.927T

1046

Compound

Reaction Equation
(1 ) Fe3C=3Fe+C(gr)
(2) Fe30 4+4C0=3Fe+4C02

(9) Fe30 4+C 0=3Fe0+C 02
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between 773 K and 1140 K can be found from thenon-isothermal resultsoftheNucor
fine sample. The DTG and DTA curves of the Nucor fine sample in the temperature
range ofinterestisshown inFig. 7-1. Dotted lines divided this area into five parts, A
throughE.Fe3C isunstableattemperaturesbelow about 1100 K.145’ 146 Itspontaneously
decomposes to iron and graphite according to equation (1) in Table 7-1. This
thermodynamic property makes the reactioninvolving Fe3C more complex than normal
carbon reduction. The Fe3C has been excluded from many thermodynamic equilibrium
calculations to simplify them. 147

The local reaction started at a relatively low temperature, compared with the
equilibrium temperature 989 K in Table 7-1, a temperature of about 767 K has been
noticed from the TA results for the Nucor iron carbide. A plausible explanation is that
because the iron carbide phase in the particle is metastable in nature, there is less energy
barrier for the nucleation of iron at the reaction interface which favours the reaction (5 )
(shown in Table 7-1) to proceed. The reaction products, iron and carbon monoxide are
presumably produced gradually at the initial stage as shown in stage A in Fig. 7-1. Above
843 K, where wiistite is the stable phase thermodynamically, a rate decrease was evident
between the stage A and B, as shown in the DTG curve in Table 7-1.

Then the reaction further proceeds in region B to a maximum rate point at about
943 K. Immediately afterwards in stage C the observation of a sharp decrease in reaction
rate is presumably due to the chemical reaction between iron carbide and magnetite being
hindered by the FeO and Fe layer formed at the reaction interface. This reaction barrier
would later be alleviated when much more CO was generated and reacted with Fe30 4
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Fig. 7-1

The non-isothermal reaction curves of Nucor iron carbide powder

and FeO to make the layer more porous, allowing reaction product C 0 2 to be let out
freely through the porous iron layer. At this stage, the actual reaction should be
according to reaction (2) in Table 7-1.

An endothermic peak at about 1000 K in region D corresponds to a eutectoid
reaction, a - Fe + Fe3C —» y - F e, as shown in the binary Fe-C phase diagram (Fig. 7-2).
This reaction is further improved in region E, where reaction (3) is favored. The reaction
tends to terminate as all the iron carbide is consumed and the partial pressure of CO has
been lowered to a certain level.
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1600

-

1538°C

Fig. 7-2

Binary Fe-C phase diagram148

As for the Wundowie iron carbide (shown in Fig. 6-17), the DTG curve presents an
obvious three-step weight loss. The first step corresponds to the combined region of A,
B, and C for the Nucor iron carbide shown in Fig. 7-1, but without reaching a highest
reaction rate in this region. The retarding effect of the Fe layer formed at the reaction
interface is weakened by its thinner and porous property. A continuous faster rate in the
second step is because the CO involved in the reaction, and the rate continues to increase
after the endothermic eutectoid reaction.
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7 .2.2 Kinetics of local reactions in iron carbide particles
Although the local reactions between the carbide and oxide, basically in the form of
magnetite (Fe3C>4) „phase and carbon in the form of iron carbide (Fe3Q phase,
respectively, could follow the gas-solid two stage system according to most
investigators,

they can still be represented thermodynamically by the overall reaction,

Fe 30 4(S) + 4F e 3 C(S) = 15Fe(S) + 4 C 0 2(g)

(4-2)

The carbon monoxide gas generated locally from the reaction could have beneficial effect
during metallurgical processes that use iron carbide as iron source. Therefore, an
understanding of the kinetics of local reaction 4-2 within the particle is of importance.

Important studies were carried out by Rao149 and Fruehan130 on the kinetics of the
reduction reaction of iron oxide by solid. The general agreement was that the overall
reduction reaction proceeds via the gaseous intermediates products carbon monoxide
and carbon dioxide. Therefore, carbon must pass through an intermediate stage of
oxidation prior to the reaction with the iron oxide.

Work was done to identify the possible controlling factors that are affecting the
kinetics of the local reaction within the iron carbide particles. The following rate
controlling steps will be discussed.

•

Internal mass transfer limitations

During the local reactions the iron is formed at the interface between the iron carbide and
magnetite and become a barrier when the layer is thick enough or/and does not turn out
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to be porous due to sintering phenomena at higher temperatures. 151 This was the case
observed in the non-isothermal experiment of the Nucor sample shown in Fig. 7-1 that a
slow down of the reaction rate occurred in stage C. At this stage, the reduction reaction
involving CO are limited by diffusion through the product layer unless the Fe regions are
very small, producing thin product layers, or until the layers become porous. This also
conforms to the case with the Wundowie sample in the non-isothermal experiments
shown in Fig. 6-17, where the highly porous morphology of the particles makes the
resistance of gaseous diffusion through the porous iron layer negligible. Therefore,
internal mass transfer appears to affect the overall rate of reaction of the Nucor sample
but not the Wundowie sample. The further fact that the reaction rate of the Nucor coarse
sample after 943 K is slower than the Nucor fine sample, as shown in Fig. 6-13, also
confirms that the kinetics of the local reaction of the Nucor sample in the last stage
depend on the relative amount of surface area exposed to the reactant gas, which is a
function of particle properties such as size, morphology, porosity and microstructure.

•

Chemical reaction limitations

Since the experiments to analyze the off-gas have not been carried out during the local
reaction within the iron carbide, the controlling features of chemical reactions can not be
determined. However, it is postulated that the controlling step during the first stage of
the reaction when solid-solid reaction is predominant, is the nucleation of product atom
at the reaction interface. When the CO fully participates in the reaction at the second
stage, we expect the chemical reaction to be fast, and not affect the overall rate of
reaction. Heat and mass transfer are expected to control the reaction rate in this regime.
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Heat transfer limitations

During the reaction, heat is transferred from the surrounding atmosphere to the surface
of the particles by convection and radiation, and from the surface of the particle to the
reacting site by conduction. The first is referred to as external heat transfer and the
second as internal heat transfer.

It is the common knowledge that porous materials have the lower values of thermal
conductivity and low heat transfer coefficients, increasing the likelihood that heat transfer
becomes a barrier to the overall reaction The investigation of heat transfer is essential for
the practical use of this commercial product when it can be injected into a melting bath to
perform nitrogen control. Further investigation on the heat transfer of commercial iron
carbide powder which is porous in nature requires some basic values, such as heat
transfer coefficient and thermal conductivity, to be determined

7.3 Application in Steelmaking
The mean particle size of about 200 pm for the iron carbide powder makes it possible to
be injected into the molten bath during steelmaking. Engh152 discussed a trapping
problem might happen at the gas metal interface during powder injection. He pointed out
that non-wetting particles and particles in the size range less than

10

pm are likely to

remain in the gas. Although the wetting property can be obtained by measuring the
contact angle between the solid particle and liquid iron in the laboratory, we predict that
such particle could be wetted by the iron melt due to their physical similarities in solid
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state- The observation of no iron carbide loss to the dust during the injection trials
reported by Geiger123 to some extent confirms this assumption.

It might be possible to briquette the iron carbide powder, however, this has not been
done and is not recommended. It would require a binder, which often introduces
impurities, such as hydrogen and sulfur, and the particles are not deformable, making the
strength of such briquettes totally dependent on the binder. Since the iron carbide has a
high melting point, and in practice dissolves in molten steel rather like sugar in coffee, it
is preferable introduce it into steel furnaces as a finely divided material.

Geiger123 reported that the instability of iron carbide at temperatures over 300 °C
and reaction with oxygen caused plugging in a pipe when injecting using oxygen as the
carrier gas. This suggests that carrier gas ideally contains no oxygen. The cost of using
argon as the carrier gas is high, therefore, air and nitrogen were used in most of the trials
reported by Geiger. The use of nitrogen as the carrier gas is likely to limit the nitrogen
removal to some extent, however, this problem was not discussed by Geiger.

The observations in non-isothermal experiments showed that the local reactions
occurred above 773 K. Geiger and Stephens153 chose this temperature as the preheating
temperature in their conceptual continuous steelmaking process. They proposed to
preheat the iron carbide by the process exhaust gases (mainly S 0 2 and C 0 2), which have
enough energy to bring the iron carbide to 773 K, however, they failed to consider the
oxidation reaction may occur during the preheating, which might cause carbon loss and
even some operation problems.
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The observationthatthereductionreactiongainsafastestrateat943 K inthenon
isothermal experiments suggests that a high injection rate is needed to avoid the
reduction reaction occurring during its conveying in the pipe, which may result in
minimizing the nitrogen removal effect by large amount of fine CO bubbles generated
from the local reaction in the molten bath. As mentioned earlier in Chapter 4.3, an
injection rate of 400-450 kg min'1has been reported for iron carbide.123As reported
elsewhere,154Hamgurg Stahlwerks has injectedFe finesinto a 100 ton furnace atrates
up to 1500 kg min'1for over ten years with no significant problems. One possible
concern istheheat loadbeing imposed on thefurnace. The fastercoldcarbide isadded
tothefurnace,thefasterenergyhastobeadded.Therefore,increasedoxygen injectionis
recommended to provide the energy for the melting of

iron carbide.

According

to

Geiger, 3 the ideal practice would be to start injecting carbide at a point where the energy
needed to bring the bath to its tapping temperature has been added just as the injection of
the desired amount of carbide is finished.

The isothermal experiments showed that the overall weight loss is less than that
calculated from stoichiometry. This implies that only the particles with topochemical
profile, or with combined carbide and oxide, contribute to the CO generation from the
local reaction. Hence, the actual percentage of partially reduced particles in the iron
carbide powder will decide the extent of the overall local reaction. In order to get the
advantageous effect of CO generation from the local reactions within the iron carbide
particles in removing nitrogen when introducing iron carbide to a hot melt, a partial
reduction regime of producing iron carbide in the fluidized bed reactor is recommended.
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The isothermalexperiments also showed thatthereduction reactionproceeds to its
halfextentinaveryshortperiodoftimeathighertemperatures,e.g.,itneeds 86 seconds
to get a highest reactionratewith4% weight loss at 1173 K. This suggests a practical
application of introducing iron carbide powder into the molten bath at the relatively later
stage of the melting period to achieve the desired nitrogen content.
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8

Conclusions

The aim of this study is to gain a better understanding of the fundamentals of using iron
carbide as an alternative iron source associated with nitrogen control in the steelmaking
processes.

The research on nitrogen in steelmaking were reviewed to the benefit of further nitrogen
control practice in steelmaking. The most important results from previous researches are
given below:

•

The solubility of nitrogen in molten steel has been thoroughly investigated since
1970’s. It is approximately 450 ppm at 1600°C in carbon and low alloy steels in
theory, but the solubility limit was not attained in practice. This was due to the slow
nitrogen transport kinetics within the molten steel bath.

•

Kinetic studies on the nitrogen reaction showed that surface active elements such as
oxygen and sulfur have marked retarding effect on the rate of absorption and
desorption of nitrogen.

•

BaO-Ti0 2 based ladle slags have been shown to be the most successful in removing
large amounts of nitrogen in laboratory investigations. However, industrial
applications are still to be seen.
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•

The flushing effect of CO bubbles from carbon oxidation and the addition of low
nitrogen iron bearing materials such as DRI or iron carbide were found to be
significant in removing nitrogen from molten steel. The effect of DRI on nitrogen
control is known to follow the dilution function, because the CO is evolved in the
slag phase rather than the metal. Local reactions between the iron carbide and
residual magnetite within the iron carbide particles, resulting in CO generation, could
possibly be a major effect in reducing the nitrogen level when iron carbide is injected
into molten steel.

A comprehensive characterization of two iron carbide powders from different
places, namely, Nucor and Wundowie iron carbide, by optical microscopy, SEM and
XRD etc. has shown variations in size, morphology, density and components, which is
probably due to the variations in different qualities of raw materials, ore concentrates and
natural gas, and conditions employed in the fluidized-bed reactor. A large portion of
particles in the Nucor iron carbide powder has a topochemical profile with a magnetite
core surrounded by an iron/iron carbide layer. The Wundowie iron carbide, besides some
fully converted iron carbide particles, mainly consists of highly porous particles with
large voids.

Further thermal analysis experiments were carried out on the kinetics of local
reactions between the iron carbide and magnetite in iron carbide powders. Comparisons
made in terms of different origin or morphology and particle size of the sample were
consistent with the metallographic observations. The results indicate that:
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• Finerpowders havethebestsurfacetovolume ratioand atanygiventemperaturethe
extent of reaction is greater than for samples with larger particle size. The smaller the
particles size, the greater is the extent to which equilibrium is reached, all other
conditions being equal.

•

Non-isothermal experiments on the Nucor fine sample showed that reduction
reactions occurred at the temperature range of 767 K and 1147K, and gained the
fastest rate at 943 K. A two stage mixed control reaction mechanism was therefore
suggested that the first stage up to 943 K was mainly a chemical reaction controlling
step, and the second stage thereafter was the reaction involving gaseous reactants
CO which is controlled by heat and mass transfer.

•

Isothermal experiments carried out on the Nucor fine sample at various temperatures
revealed that reactions at lower temperatures had a longer embryo period to start the
reaction. The discontinuity observed in the curve gets less pronounced as the
temperature of the reaction is lowered, this is consistent with the assumption that the
chemical reaction is controlling the rate at the first stage.

•

The Arrhenius plot method was employed to calculate the activation energy of
reaction during the constant-rate region in the first part of the curve. An activation
energy of 45.77±6.38 kJ mol' 1 was calculated.

•

The actual percentage of partially reduced particles in the iron carbide powder will
decide the extent of the overall reduction reaction, the CO generation from which is
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the inherent benefit for the use of this material in nitrogen control during the
steelmaking process. To get the advantageous effect of CO generation from the local
reactions within the iron carbide particles in removing nitrogen, when introducing
iron carbide to a hot melt, a partial reduction regime of producing iron carbide in the
fluidized bed reactor is recommended.

•

The fact that the local reaction proceeds to its half extent in a very short period of
time at higher temperatures, e.g., it needs

86

seconds to get a highest reaction rate

with 4% weight loss at 1173 K, is a good reference for evaluating the flushing effect
of injecting the iron carbide powder by CO generation.

Further investigations on the kinetics of CO generation within the particles is
recommended, possibly using a constant volume pressure increase (CVPI) technique
combined with gas measurement. Further understanding of the dynamics of the powder
injection is also required, potentially using cold modeling and computational fluid
dynamic techniques.
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iron crucibles. Fe203 varies 8-11% by analysis. Crystals are rounded under
microscope. Opaque mineral optical data on specimen from synthetic sample:
RR2Re=18.3, Disp.=16, VHN=490 (mean at 100, 200, 300), Color values
.312, .317, 18.4, Ref.:IMA Commission on Ore Microscopy QDF. CINa type.
Halite group, periclase subgroup. PSC: cF8. Mwt: 71.85. Volume [CD]: 79.90.

Strong lines: 2.15/X 2.49/8 1.52/6 1.30/3 1.24/2 1.08/2 0.96/2 0.99/1
JCPDS-ICDD Copyright (c) 1995 PDF-2 Sets 1-45 database (6-615)
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2-theta
36.040
41.927
60.764
72.737
76.588
91.321
102.454
106.221

Int.
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1
2
2
3
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2
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1
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Fe2 0 3
Iron Oxide
_Mag_hemite-Q, syn
Rad: Coka
Lambda: 1.7902
Filter:
d-sp:
Cutoff:
Int: Visual
I/Icor:
Ref: Brown, X-ray Identification and Crystal Structures of Clay, (1961)
Sys: Tetragonal
a: 8.34
b:
A:
B:
Ref: Ibid
.Dx: 4.88
ea:
Ref:

Dm:
nwB:

S. G.:
c: 25.02
C:

A: 0.7550
Z: 32

C: 3.0000
mp:

SS/FOM: F30=5(.031,187)
ey:
Sign:

2V:

Color: Brown
Metastable with respect to hematite. Measured density and color from
Dana’s System of Mineralogy, 7th Ed., I 708. Spinal-like structure, with cubic
subcell (a=8.34) Spinel group, related structures subgroup. PSC: tpl60. To
replace 15-615. Mwt: 159.69. Volume [CD]: 1740.28.
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Strong lines: 2.51/X 1.47/4 2.95/3 1.60/2 2.09/1 1.09/1 1.70/1 1.27/1
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Int.

Int.
1
2
6
1
6
2
6
7
3
30
3
4
100
2
2
2
15
1
3
9
2
20
2
3
40

h
1
1
1
1
1
1
2
1
2
2
2
1
1
2
2
3
0
4
2
2
5
1
2
2
4

h

k

k
0
0
0
1
1
0
0
1
0
0
1
0
1
2
0
1
0
0
1
2
0
1
0
1
0
1

1
1
2
3
2
3
5
3
6
5
6
6
9
9
6
9
6
12
6
12
12
0
15
15
15
12

Fe
Iron
Iron^sjn _
Rad: CuKal
Lambda: 1.5405
Filter: Ni
d-sp:
Cutoff:
Int: Diffractometer
I/Icor:
Ref: Swanson et al., Natl. Bur. Stand. (U.S.), Circ. 539, 4 3 (1955)
Sys: Cubic
a: 2.8664
A:
Ref: Ibid
Dx: 7.88
ea:
Ref:

b:
B:

Dm:
nwB:

c:
C:

S. G.: Im3m (229)
A:
Z: 2

SS/FOM: F6=225 (.004, 6)
ey:
Sign:

C:
mp:

2V:

Color: Gray, light gray metallic
Pattern taken at 25C. CAS no.; 7439-89-6. The iron used was an exceptionally
pure rolled sheet prepared at the NBS, Gaithersburg, Maryland, USA.,
[Moore, G., J. Met., 5 1443 (1953)]. It was annealed in an H2 atmosphere
for 3 days at 1100 C and slowly cooled in a He atmosphere. Total impurities
of sample <0.0013% each metals and non-metals. gamma-Fe (fcc)-(1390C)
delta-Fe (bcc). Opaque mineral optical data on specimen from Meteorite:
RR2Re=57.7, Disp.=16, VHN=158 (mean at 100, 200, 300), color
values=.311, .316, 57.9, Ref.: Also called: ferrite. PSC: cI2. Mwt: 55.85
Volume [CD]: 23.55.___________________________________________

Strong lines: 2.03/X 1.17/3 1.43/2 0.91/1 1.01/1 0.83/1 0.00/1 0.00/1
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Carbon
Graphite-2H
Rad: CuKal
Lambda:.l.54051
FiltenNi
d-sp: Diff.
Cutoff: 22.1
Int: Diffractometer
I/Icor: 7.78
Ref: Sane. I., Polytechna, Foreign Trade Corporation, Panska,
Czechoslovakia, ICDD Grant-in-Aid, (1990)
Sys: Hexagonal
S. G.:P63/mmc (194)
a: 2.4704(15) b:
c: 6.7244(38) A:
C: 2.7220
A:
B:
C:
Z: 4
mp:
Ref: Ibid
Dx: 2.24
ea:
Ref:

Dm: 2.16
nwB:

SS/FOM: F10=18 (.042, 13)
ey:
Sign:

2V:

Color; Black
Patterntaken at 25 (10 C. Specimen from Netolice, Czechoslovakia. CAS
no.: 7782-42-5. sigma (Iobs)=+/-0.05. C type. Alos called: cliftonite. Also
called: plumbago. Also called C.I. Pigment Black 10. Si used as external
standard. PSC: hp4. To replace 1-640, 1-646, 2-456, 3-401, 23-64, 25-284
and 34-567 and validated by calculated pattern 25-284. Structure reference
: Aust. J. Chem., 42 479 (1989). Mwt: 12.01. Volume [CD]: 35.54.
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